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ABSTRACT 


t 


A  program  designed  to  evaluate  the  feasibility  of  clad-core  combination 
columblum  alloy  turbine  blades  has  been  completed.  The  concept  was  one  In  which 
a  relatively  oxidation  resistant  cladding  alloy  was  used  to  prevent  catastrophl c 
oxidation  of  a  high  strength  but  easily  oxidized  core  alloy.  As  envisioned, 
the  entire  system  consisted  of  an  oxidation  resistant  coating,  the  cladding  alloy 
acting  as  an  oxygen  barrier,  and  the  load  bearing  core.  The  program  was  divided 
Into  a  screening  of  potential  core  and  cladding  alloys  (with  a  diffusion  bonding 
study)  and  an  evaluation  of  the  compatibility  of  the  two  components. 

The  high  strength  columblum  alloys  Cbl32M,  VAM-79,  and  SU- 3 1  were 
evaluated  as  core  alloys  using  I200°F  tensile  and  2200°F  creep-rupture  testing. 
Several  processing  conditions  and  post-forging  annealing  treatments  were  studied. 
The  highest  tensile  and  creep  strengths  were  obtained  in  Cb 1 32M  when  In  as- 
forged  and  forged  plus  3600°F  annealed  conditions  respectively.  The  best  balance 
of  tensile  and  creep  properties  was  obtained  In  SU-31  when  In  a  recrystal  1 1  zed 
and  cold  worked  condition. 


Nine  columblum  base  alloys  and  one  hafnium  alloy  were  evaluated  for 
possible  use  as  a  cladding  alloy  based  on  oxidation  and  ballistic  impact  resist¬ 
ance  and  fabrlcabi  1  i  ty  to  sheet.  Generally,  sheet  fabrlcabi  I  Ity  and  impact  re¬ 
sistance  were  incompatible  wt th  oxidation  resistance.  Two  alloys  (Cb- 15TI -lOTa- 
10W-2Hf-3AI  and  Cb-5W-30Hf-5Ti -3Re)  were  selected  for  further  study.  A  diffu¬ 
sion  bonding  technique  was  developed  to  join  the  core  and  cladding  alloys. 
Bonding  parameters  were  designed  to  minimize  carbon  diffusion  from  the  high 
strength  core  alloy  to  the  cladding. 

A  variety  of  studies  were  performed  to  evaluate  the  compatibility  of 
the  cladding  alloys  with  a  Cb 1 32M  core.  During  bonding  and  exposure  at  2200°F 
carbon  diffused  from  the  core  alloy  to  the  cladding.  This  was  accompanied  by 
a  loss  of  core  hardness  adjacent  to  the  bond  line  and  the  formation  of  hafnium 
and/or  titanium  carbides  in  the  cladding  alloy.  Tests  of  locally  damaged  bond 
samples,  coated  with  CrTi-SI  service  coating  showed  that  0.020"  of  the  cladding 
alloys  (specially  Cb-l5TI-IOTa-lQW-2Hf-3Al )  were  capable  of  preventing  catas¬ 
trophic  core  alloy  oxidation  at  2200°F  for  times  In  excess  of  64  hours.  The 
bonded  combinations  exhibited  good  ballistic  Impact  resistance  at  2000°F  al¬ 
though  brittle  behavior  was  encountered  at  room  temperature.  Compared  with  the 
unbonded  condition,  the  1200°F  tensile  properties  of  bonded  Cb 1 32H  were  slightly 
lowered  whereas  the  2200°F  creep  strength  was  significantly  decreased.  A  6k 
hour  2200°F  exposure  after  bonding  and  coating  had  little  effect  on  the  mechani¬ 
cal  properties  tested. 

The  cladding  concept  for  producing  columblum  alloy  turbine  blades  1$ 
feasible  In  that  diffusion  bonding  Is  an  acceptable  technique  metal lurglcal ly 
and  as  a  manufacturing  technique.  Also,  a  cladding  can  offer  oxidation  protec¬ 
tion  to  the  core  alloy  In  the  event  of  coating  damage.  However,  the  creep 
strength!  and  microstructural  stability  of  high  temperature  exposed  clad  Cb  1 32M 
are  marginal.  It  is  felt  that  this  aspect  can  be  Improved  through  the  use  of  a 
core  alloy  having  a  superior  balance  of  creep  and  tensile  properties. 

This  abstract  Is  subject  to  special  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Metals  and  Ceramics  Division  (MAMP) ,  Air  Force  Materials  Laboratory, 

Wrf ght-Patterson  Air  Force  Base,  Ohio  45433. 
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The  development  of  high  temperature  alloys  has  been  closely  linked  with 
the  evolution  of  more  powerful  gas  turbine  engines.  Concepts  for  future 
engines  require  materials  for  rotating  parts  capable  of  operating  at  metal 
temperatures  well  above  2000°F.  For  operation  between  2000°F  and  2500°F  the 
strength  to  density  ratio  of  high  strength  columblum  alloys  Is  particularly 
attractive.  The  ability  of  these  alloys  to  be  precision  forged  Into  turbine 
blade  configurations  has  been  demonstrated ) .  However,  the  very  limited 
oxidation  resistance  at  operating  temperatures  has  prevented  the  use  of 
columblum-base  alloys  in  gas  turbine  power  plants.  To  combat  oxidation 
various  protective  coatings  have  been  developed  (for  example  see  refs.  2  and  3), 
which  have  been  successfully  employed  in  numerous  aerospace  applications. 
Unfortunately  these  coatings  are  generally  brittle  and  If  Impacted  can  frac¬ 
ture,  thus  exposing  the  substrate  to  rapid  and  often  catastrophic  oxidation. 

The  subject  program  was  Initiated  to  Investigate  the  feasibility  of 
Introducing  a  columblum  alloy  barrier  layer  as  a  second-line  of  oxidation 
protection  In  the  event  of  coating  damage.  Primary  protection  would,  of 
course,  be  provided  by  the  coating.  However,  a  localized  coating  failure 
would  expose  the  cladding  layer  rather  than  tha  easily  attacked  core.  It  Is 
assumed  that  the  cladding  alloy  would  be  oxidized  slowly  enough  to  Insure 
that  the  high-strength  core  properties  would  be  unaffected  for  at  least 
50  hours  from  the  time  of  damage.  The  experimental  effort  was  conducted  In 
two  phases:  a  selection  of  materials  and  methods,  and  an  evaluation  of  the 
concept  feasibility. 


In  Phase  1,  potential  core  and  barrier  alloys  were  evaluated,  first  by 
literature  survey  and  then  by  testing  and  comparison.  Carbide  and  solid 
solution  strengthened  columblum-base  alloys  were  forged  In  a  sequence  de¬ 
signed  to  simulate  the  fabrication  of  a  turbine  blade.  Various  In-process 
and  post  forging  heat  treatments,  all  compatible  with  blade  forging,  were 
employed  In  an  effort  to  obtain  a  balance  of  2200°F  creep  strength  and  1200°F 
tensile  properties.  Oxidation  resistant  alloys  were  prepared  and  exposed  to 
determine  their  ability  to  prevent  oxygen  penetration.  Fabrlcabi 1 Ity  to 
sheet  and  ballistic  impact  testing  were  used  as  measures  of  an  alloy's  appli¬ 
cability  as  a  barrier  alloy  In  a  combination  blade.  Preliminary  diffusion 
bonding  trials  were  also  conducted  to  determine  processing  parameters. 

Phase  II  of  the  program  was  designed  to  evaluate:  1)  the  compatibility 
of  the  bonded  core  and  barrier  alloys  during  exposure;  2)  the  degree  of  oxi¬ 
dation  protection  provided  by  the  barrier;  and  3)  the  effect  of  the  barrier 
on  mechanical  properties.  The  Interactions  of  the  two  columblum  alloys  during 
bonding  and  exposure  were  studied  In  terms  of  microstructure  and  mechanical 
properties  such  as  tensile,  creep,  and  ballistic  Impact.  The  ability  of  the 
barrier  to  prevent  loss  of  core  properties  through  oxidation  or  oxygen  con¬ 
tamination  was  also  evaluated.  In  this  way  the  feasibility  of  the  concept  was 
determined. 


This  final  report  describes  the  experimental  procedures  and  results 
obtained  in  each  phase. 
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SECTION  II 


PHASE  I  -  EVALUATION  OF  CANDIDATE  MATERIALS 


An  Investigation  of  columblum  alloy  combination  turbine  blade  feasibility 
requires  the  selection  of  three  components  (high  strength  core,  oxidation  re¬ 
tarding  barrier  alloy,  and  oxidation  resistant  coating)  as  well  as  a  ponsldera-  • 

tion  of  processing  methods.  In  view  of  the  numerous  recent  and  current  c.oatlng 
development  programs  this  aspect  of  the  problem  has  not  been  investigated  here. 

Instead  a  standard  coating  procedure  characteristic  of  the  best  type  available 
was  used  where  required.  However,  the  continuing  development  of  high  strength 
columblum  alloys  and  the  rather  specialized  requirements  of  forged  blades 
necessitated  a  close  look  at  potential  core  alloys.  Likewise,  the  requirements 
of  fabrfcablllty  and  Impact  resistance  as  well  as  oxidation  resistance  suggested 
a  re-eval uat ion  of  oxidation  .resistant  compositions.  Processing  parameters  for 
diffusion  bonding  also  required  study,  since  this  Is  a  potential  means  of  part 
manufacture  and  is  a  convenient  means  of  laboratory  study.  Considerations  of 
combination  blade  manufacture  will  be  discussed  in  a  later  section. 

A.  High  Strength  Core  Alloys 

1 .  Background  and  Selection 

Columblum  base  alloys  Intended  for  creep  resistance  up  to  2500°F 
have  been  developed  to  advanced  generation  status  over  a  period  of  time.  It 
Is  generally  held  that  their  high  strength  is  dependent  on  solid  solution 
alloying  and  the  precipitation  of  second  phase  particles.  Combinations  of 
high  melting  point  elements,  usually  other  refractory  metals,  strengthen  by 
solid  solution  interactions.  The  controlled  addition  of  carbon  and  occasionally 
nitrogen  In  conjunction  with  certain  reactive  metals,  often  zirconium  or  hafnium,  * 

results  in  the  precipitation  of  certain  carbides  and  carbonl trldes .  When  a 
finely  dispersed  precipitation  of  these  compounds  can  be  produced  through  suit¬ 
able  thermal -mechanical  treatments,  a  significant  contribution  to  creep  resis¬ 
tance  can  be  realized. 

Among  the  properties  considered  essential  In  a  columblum  core  material 
are  creep  and  tensile  strength  and  tensile  ductility.  The  airfoil  section  Is 
considered  to  operate  near  2200s F  while  the  root  or  attachment  section  of  the 
blade  would  operate  at  a  lower  temperature  (IOOO°F  to  1 500°F) .  Therefore,  a 
suitable  alloy  must  possess  adequate  high  temperature  creep  rupture  strength  as 
well  as  Intermediate  temperature  tensile  yield  strength.  Adequate  ductility 
at  all  temperatures  and,  of  course,  adequate  forgeability  would  also  be  required. 

Several  alloy  compositions,  available  at  the  start  of  this  program 
showed  potential  for  use  as  a  core  material.  Among  these  were  B-88  and  Its 
companion  Cb-W-Hf-C  alloys'**/,  Cb-1  a  similar  alloy  containing  zirconium  and 
nltrogen(5),  and  Cb  132M  a  Cb-Ta-W-Mo-Zr-C  alloy  utilized  In  a  previous  forging 
studyU).  However,  test  conditions  for  reported  data  varied  and,  more  Importantly, 
the  thermal -mechanical  histories  often  were  Incompatible  with  forged  blades. 

Thus  It  was  felt  that  a  study  of  thermal -mechanical  processing  techniques  appli¬ 
cable  to  blade  processing  should  be  Incorporated  Into  an  early  phase  of  the  program 
in  conjunction  with  the  core  alloy  selection.  , 
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Aside  from  the  need  to  screen  potential  alloys  after  blade  type 
forging  (rather  than  swaging,  rolling,  etc.)  It  was  necessary  to  explore  heat 
treatments  capable  of  developing  maximum  properties  In  a  forging.  It  has  been 
demonstrated  that  the  excellent  balance  of  high  and  low  temperature  properties 
characteristic  of  columblum  alloy  extrusions  Is  destroyed  by  the  precision 
forging  operation'1 J .  While  creep  rupture  strength  can  be  restored  by  a  re- 
crystall Izatlon-solutlon-preclpltatlon  treatment,  ductility  and  lower  temper¬ 
ature  tensile  properties  are  adversely  affected. 

The  thermal  mechanical  processing  study  Included  In  this  program 
was  limited  to  combinations  of  metal  working  and  thermal  treatment  completely 
compatible  with  turbine  blade  forging  practice.  Forging  temperatures,  re¬ 
crystal  I  Izatlon  (solution)  annealing  temperatures  and  aging  temperatures  were 
varied.  Cold  working  of  a  recrystallized  structure  was  also  Investigated. 

Three  high-strength  columblum  base  alloys  were  selected  for  evalu¬ 
ation:  Cb  132M  (Cb-20Ta-15W-5Mo-l.5Zr-0.12C),  VAM-79  <Cb-22W-2Hf-0.067C) , 
and  SU-31  (Cb-17W-3.5Hf-0.12C).  Cb  132M  Is  an  alloy  which  has  been  success¬ 
fully  forged  Into  turbine  blades  and  has  exhibited  high  creep  strength  In 
annealed  condl tlons 0 >.  The  alloy  VAM-79  Is  similar  to  B-88,  a  composition 
also  capable  of  being  forged  and  possessing  high  strength (&) .  Experimental 
data^1  Indicated  that  VAM-79.  containing  22*  W  Instead  of  28*,  would  maintain 
nearly  the  ame  2200°F  strength  as  B-88  while  providing  a  density  advantage. 
SU-.1!  mm  chosen  as  the  third  alloy  on  the  basis  of  Information  showing  that 
British  researchers  have  developed  high  creep  strength  with  satisfactory  In¬ 
termediate  temperature  strength  and  ductility  In  this  alloy'/'. 

2.  Materials 


The  vendor  supplied  chemical  analyses  of  the  three  columblum  alloy 
core  materials  used  In  this  program  are  shown  In  Table  I.  Nominal  composi¬ 
tions  are  also  given.  Note  that  while  the  carbon  level  In  both  heats  of 
Cb  132M  Is  similar  (and  slightly  lower  than  specified)  the  zirconium  content 
varies  considerably  from  1.1  wt.  *  to  1.9  wt.  *.  The  resulting  variation  In 
zirconium  to  carbon  ratio  should  be  considered  when  evaluating  the  mechanical 
properties  discussed  In  a  later  section  of  this  report. 

The  Initial  condition  of  each  extrusion  billet  varied  as  supplied 
by  the  vendor.  The  Cb  I32M  was  purchased  from  Du  Pont  as  nominal  3"  diameter 
x  5"  long  cylinders.  They  had  previously  been  extruded  from  6"  diameter  In¬ 
gots  through  approximately  a  3.5  to  1  reduction  ratio.  Westlnghouse  Astro- 
nuclear  Laboratory  supplied  the  VAM-79  as  nominal  3M  diameter  x  5"  long 
consumable  electrode  vacuum  arc  melted  ingots.  All  cast  and  extruded  billets 
were  zyglo  checked  for  surface  cracks  and  ultrasonlcal ly  Inspected  for  internal 
defects.  They  were  found  to  be  satisfactory.  The  IMI  developed  alloy,  SU-31, 
was  furnished  by  Kaweckl-Berylco  Industries  as  a  I  1/2"  diameter  x  12"  long 
machined  bar.  It  had  been  previously  extruded  4:1  at  26428F  from  a  4"  dla-  ^ 
meter  billet.  After  machining  the  bar  was  stress  relieved  for  I  hour  at  2372  F. 

3.  Conversion  to  Forging  Stock 

Extrusion  was  utilized  to  convert  Cb  I32M  and  VAM-79  Ingot  and 
large  diameter  bar  to  forging  stock  for  simulated  turbine  blade  fabrication. 

The  columblum  alloy  extrusion  billets  were  machined  to  approximately  2.8" 
diameter  and  nosed  to  match  the  Included  angle  of  the  extrusion  die.  They 
were  then  canned  In  a  sintered,  unalloyed  molybdenum  sleeve  Incorporating 
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an  Integral  nose  which  matched  the  die  entrance  angle  and  the  shaped  billet. 

The  sleeves  were  tack  welded  to  the  rear  of  the  billet.  One  billet  of  Cb  I32M 
(Heat  No.  M-493-3)  was  extruded  on  the  TRW  700  ton  Loewy  press  while  the  re¬ 
maining  Cb  t32H  and  all  of  the  VAM-79  was  processed  on  the  AFHL  700  ton  Lombard 
press  as  shown  in  Table  li.  Small  differences  In  the  size  and  shape  of  press 
tooling  were  compensated  for  by  using  a  0.100"  wall  thickness  molybdenum  can 
for  the  billet  extruded  at  TRW  and  a  0.040"  thick  sleeve  for  those  extruded  at 
AFML.  The  die  angle  was  also  changed  from  120°  to  90°.  A  high  frequency  In¬ 
duction  unit  was  used  to  heat  the  billet  to  the  extrusion  temperature  In  an 
argon  atmosphere.  Temperature  was  monitored  by  a  W-W/Re  thermocouple  in  con¬ 
tact  with  the  base  of  the  billet.  The  tool  steel  dies  were  faced  with  a  thin 
layer  of  zlrconla.  A  commercial  graphite  and  grease  lubricant  was  swabbed  on 
the  Interior  of  the  1  trier  while  a  C^O^-graphf te  preparation  was  applied  to 
the  die.  The  nominal  extrusion  ratio  was  4:1.  Pertinent  data  are  given, 

Table  II.  Of  particular  note  Is  that  Cb  132M  was  extruded  at  a  higher  temper¬ 
ature  (3400®F  vs  3200°F)  and  speed  14  to  16  tps  vs  4.5  Ips)  than  was  VAM-79- 
These  variations  were  based  on  prior  TRW  experience  with  Cb  132M  and  the 
recommendations  of  Westlnghouse  In  the  case  of  VAM-79.  Considering  the  extru¬ 
sion  conditions  and  recorded  pressures  it  would  appear  that  VAM-79  has  a 
significantly  lower  flow  stress  than  Cb  I32M. 


Photographs  of  four  extrusions  are  shown  In  Figure  I  prior  to 
sectioning,  stripping,  and  machining  for  further  processing.  These  products 
were  of  good  quality,  enabling  a  large  percentage  to  be  utilized.  Microstruc¬ 
tures  of  all  1  1/2"  diameter  extruded  bar  used  in  this  program  are  shown, 
Figures  2,  3,  and  4.  (An  etchant  consisting  of  64%  H2O,  15fc  HF,  15%  H2S0^, 
and  8%  HNO3  was  used  for  all  metallography.)  The  higher  degree  of  recrystal¬ 
lization  evident  In  the  TRW  extruded  Cb  132M,  Figure  2a,  is  probably  caused 
by  a  greater  degree  of  heat  retention  due  to  the  thicker  molybdenum  can. 

The  other  alloys,  VAM-79  and  SU-31,  extruded  at  3200®F  and  2642°F  respectively, 
exhibit  very  little  or  no  recrystal  1 Izat Ion  reflecting  the  lower  working 
temperatures. 

4.  Simulated  Blade  Forging 

The  fabrication  of  turbine  blades  Involves  a  series  of  complex  forg¬ 
ing  operations  0).  Typically,  this  may  involve  extrusion,  upsetting,  roll 
forging,  and  press  forging.  These  operations  are  shown  schematically  for  the 
forging  of  a  JT3D  first  stage  blade,  Figure  5.  Considering  the  high  strength 
of  columblum  alloys  and  their  oxygen  affinity,  effective  lubrication  and  work- 
piece  protective  coatings  are  vital.  Following  each  separate  forging  step 
all  traces  of  oxidation  must  be  removed  and  the  protective  coating  re-applied. 
(It  should  be  noted  that  the  coating  referred  to  here  is  for  protection  during 
forging  only  and  should  not  be  confused  with  the  high  temperature  in-service 
coating  applied  to  columblum  alloys.) 


A  simplified  forging  sequence  consisting  of  extrusion  and  side  forg¬ 
ing  between  flat  dies  was  chosen  to  simulate  the  forging  procedure  depicted 
In  Figure  5.  The  heeding  and  roll-forging  steps  were  omhted.  The  objective 
was  to  produce  material  of  the  approximate  thickness  of  a  JT3D  airfoil  at  the 
maximum  pitch  thickness  while  approaching  the  thermal -mechanical  working 
associated  with  blade  manufacture. 
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The  extruded  bar  was  prepared  for  the  first  forging  operation, 
"extrude-forglng",  by  first  stripping  the  protective  molybdenum  cladding 
and  then  machining  off  surface  irregularities  and  oxides.  The  forging 
billets  ranged  from  approximately  1.3"  diameter  for  Cb  I 32M  and  VAM-79  to 
nearly  1.5"  for  the  previously  machined  SU-31.  The  average  lengths  were 
2.75".  Prior  to  extrusion  the  billets  were  dipped  In  a  Corning  7740  coating 
modified  with  a  low  fusion  point  component.  Extrusion  was  performed  with  a 
2000-ton  capacity  mechanical  crank  press  of  the  type  used  for  turbine  blade 
precision  forging.  Billets  were  heated  for  five  minutes  to  the  appropriate 
forging  temperature  (2300°F  to  2450*F  for  heat  M-493-3  of  Cb  I32M  and  2400oF 
for  all  other  material)  using  a  globar  box  furnace  and  an  argon  enriched 
atmosphere.  A  water-based  graphite  lubricant  was  sprayed  onto  all  tooling 
followed  by  a  swab  application  of  a  commercial  graphite-grease  lubricant  to 
the  inside  of  the  container  and  bottom  surface  of  the  punch.  The  die  utilized 
consisted  of  a  zirconia  (Zircoa  1027)  Insert  supported  by  tool  steel.  Allow¬ 
ing  for  billet  upsetting  in  the  container,  the  extrusion  ratio  was  approxi¬ 
mately  4:1,  finishing  at  0.750"  diameter. 

The  extrusions  were  all  processed  in  a  manner  to  provide  the 
maximum  amount  of  extruded  material.  They  were  generally  of  excellent  quality 
with  the  exception  of  the  first  group  of  five,  all  from  Cb  132M  heat  M-493-3- 
The  surfaces  of  these  five  extrusions  were  marred  by  small  circumferential 
cracks.  This  condition  was  caused  by  the  omission  of  the  low  melting  compo¬ 
nent  from  the  protective  coating,  thereby  permitting  significant  oxidation 
during  heat-up.  These  defects  were  readily  removed  by  machining  while  pre¬ 
paring  the  extrusions  for  flat  forgings.  Hicrohardness  measurements  indicated 
that  oxygen  contamination  did  not  penetrate  beyond  the  base  of  the  cracks  and 
was  entirely  removed. 

The  microstructures  of  typical  extrusions  of  the  three  alloys  are 
shown  at  100X,  Figure  6.  Upon  comparison  of  this  figure  with  Figures  2,  3 
and  4,  showing  the  microstructure  of  the  1  1/2"  diameter  extrusions,  the 
additional  amount  of  working  is  obvious.  Hardnesses  were  correspondingly  in¬ 
creased.  The  Cb  132H,  which  had  the  highest  percentage  of  recrystallization 
In  the  starting  material,  Is  seen  to  have  the  least  heavily  worked  structure. 

The  closed  die  portion  of  an  airfoil  forging  sequence  was  approxi¬ 
mated  by  three  flat  forging  steps.  The  nominal  3/4"  diameter  "ext rude- forged" 
material  was  sectioned  into  2"  to  3"  lengths  and  machined  to  remove  oxide  and 
damaged  metal.  Three  separate  reductions  were  employed  in  forging  from  an 
initial  diameter  of  between  .630"  and  .700"  to  a  final  thickness  of  approxi¬ 
mately  .175".  Specimens  were  heated  to  the  forging  temperature  in  five  minutes 
using  an  argon  enriched  atmosphere.  The  pieces  were  conditioned  and  then  given 
a  protective  coating  of  TRW  modified  Corning  774oO)  prior  to  each  forging 
operation.  A  commercial  graphitic  lubricant,  Delta  45,  was  sprayed  on  the  die 
surfaces.  Forging  was  conducted  on  a  1600  ton  mechanical  crank  press  of  the 
type  used  for  blade  forging.  The  use  of  a  mechanical  press  is  considered 
Important  In  this  study  because  of  the  influence  of  thermal -mechanical  proces¬ 
sing  on  final  microstructure  and  properties  of  columblum  alloys. 

The  forging  conditions,  average  thicknesses  and  approximate  reduc¬ 
tions  are  shown  In  Table  III.  Note  that  the  thicknesses  and  reductions 
differed  slightly  for  the  initial  group  of  Cb  132M  (Heat  M-493-3).  The 
smaller  starting  diameter  (0.630"  vs  0.705")  was  due  to  the  necessity  of 
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TABLE  III 


FORGING  DATA  FOR  HIGH  STRENGTH  COLUMBIUM  CORE  ALLOYS 


A.  Cb 

132M  Hedt  Number  M-493-3 

Forglnq  Temp. 

P re- Forging 
Thickness 

Finish 

Thickness 

Thickness 
%  Reduction 

? 

2400°F 

0.630" 

0.345" 

45 

2 

2400° F 

0.310" 

0.240" 

25 

3 

2200° F  &  2400°F 

0.220" 

0.170" 

25 

B.  Cb 

132M  Heat  Numbers 

M- 493-1 ,  H-497-1 

VAM-79  Heat  Numbers  VAM  96A,  VAM  96B 

SU- 

31  Heat  Number 

I7A 

Step 

Forging  Temp. 

P re- Forging 
Thickness 

Finish 

Thickness 

Thickness 
%  Reduction 

1 

2400° F 

0.705" 

0.415" 

40 

2 

2400°  F 

0.390" 

0.270" 

30 

3  I600°F  or  2400° F 

0.230" 

0. 185 

20 
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removing  the  surface  cracks  In  these  extrusions.  Later  extrusions  were  free 
of  this  surface  defect  and  could  be  "cleaned  up"  at  a  larger  diameter.  The 
Initial  reduction  to  1*5%  resulted  In  shear-type  end  cracking  In  the  forged 
Cb  132M  specimens.  The  defective  metal  was  easily  removed  and  the  cracking 
did  not  reappear  during  subsequent  passes.  A  lighter  pass  of  40%  In  subse¬ 
quent  runs  helped  to  alleviate  this  problem,  although  slight  cracking  was 
still  noted  after  the  Initial  reduction  In  the  Cb  1 32M  samples.  VAM-79  and 
SU-31  samples  were  not  cracked  during  any  of  the  forging  operations. 

Forging  of  all  three  alloys  was  accomplished  without  difficulty  at 
l600°F  as  well  as  2400°F.  There  was  no  noticeable  difference  In  the  flow  of 
metal  at  these  two  temperatures.  However,  this  observation  should  not  be 
used  to  infer  an  equal  response  for  closed  die  blade. forgl ngs  where  pressure 
requirements  may  be  higher  and  die  wear  must  be  considered.  In  spite  of  the 
protective  coating  a  small  amount  of  surface  oxidation  was  observed  after 
forging,  particularly  at  the  higher  forging  temoeratures.  This  was  easily 
removed  by  grinding  and  pickling  In  acid. 

As  shown  In  Table  III,  three  different  temperatures  were  utilized 
for  the  final  forging  step.  Cb  1 32M  from  Heat  M-I*93"3  was  finished  at  both 
2200°F  and  2400°F  In  order  to  study  the  effects  of  slight  processing  temper¬ 
ature  changes  on  forgeability,  microstructure,  and  mechanical  properties. 

The  third  step  forging  at  1600°F,  which  was  performed  on  all  compositions, 

Is  a  result  of  the  suggestion  that  the  problem  of  low  ductility  and  strength 
In  the  Intermediate  temperature  range  can  be  resolved  by  lightly  cold  working 
a  recrystal  1 Ized  structure (7) .  Samples  which  were  processed  In  this  manner 
were  given  a  recrystallization  anneal  after  the  second  flat  forging  step  and 
then  forgad  a  third  time  at  I600°F  rather  than  2400°F.  The  recrystal  1 1 zat I  on 
treatment  and  the  varied  thermal -mechanical  treatments  are  described  In  the 
next  two  sections  of  this  report. 


Recrystal  1 1 zat ion  Studv 


In  conjunction  with  the  thermal -mechanical  processing  study  It  was 
necessary  to  determine  the  recrystal  1 Izat Ion  behavior  of  the  three  columblum 
alloys  prior  to  cold  working.  It  was  felt  that  the  most  desirable  mlcrostruc- 
ture  for  cold  working  at  1600°F  was  100%  recrystal  1 Ized  but  without  appreciable 
grain  growth  or  Widmanstatten  carbide  precipitation.  In  order  to  determine 
the  appropriate  recrystal  1 tzatlon  temperature  for  each  alloy,  metal lographlc 
samples  were  treated  In  vacuum  for  one  hour  at  temperatures  ranging  from  2850®F 
to  3I50°F.  The  resulting  microstructures  are  shown  for  each  alloy.  Figures  7> 
8,  and  9.  The  starting  "as-forged"  microstructure  Is  also  shown  (two  blows 
at  2400°F  resulting  In  1*0%  and  30%  reductions).  Recrystal  11 zat I  on  Is  nearly 
complete  In  the  Cb  132M  and  VAM-79  alloys  at  2950°F.  Higher  temperatures  had 
only  a  slight  grain  coarsening  effect  on  Cb  132M  but  treatments  above  3000°F 
resulted  in  greatly  enlarged  grains  In  VAM-79*  Appreciable  recrystal  1 1 zat I  on 
was  not  observed  below  3100°F  In  SU-31  and  was  not.  totally  complete  at  3150°F. 
However,  It  was  expected  (and  subsequently  verified  in  later  treatments)  that 
temperatures  In  excess  of  3150°F  would  result  In  enlarged  grains  and  Widman¬ 
statten  and  grain  boundary  carbide  precipitation. 


On  the  basis  of  these  studies  2950°F  was  selected  as  the  recrystal¬ 
lization  temperature  for  Cb  1 32M  and  VAM-79*  .  The  SU-31  was  treated  at  3150°F. 
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Two,  hour  treatments  were  utilized  In  an  effort  to  obtain  complete  recrystal- 

Ilzation  while  avoiding  the  excessive  grain  growth  likely  to  occur  at  higher 

temperatures.  The  microstructures  of  specimens  treated  In  this  manner  are 

shown,  Figure  10.  The  two  hour  treatment  apparently  succeeded  in  producing  * 

a  greater  degree  of  recrystallization  wl thout,  grain  growth  in  the  Cb  1 32M 

and  VAM-79  al loys .  In  the  case  of  SU-31  some  additional  recrystal  I Izat Ion 

occurred  although  it  Is  not  yet  complete.  Some  grain  coarsening  has  also  f 

occurred. 

The  reasons)  for  the  varied  response  of  the  alloys  during  recrystal¬ 
lization  Is  not  entirely  clear.  The  carbon  levels  of  Cb  1 32M  and  SU-31  are 
nearly  twice  that  of  VAM-79  but  It  Is  Cb  132M  and  VAM-79  which  exhibit  similar 
recrystal  1 Izat Ion  behavior.  Aside  from  composition  the  major  difference  between 
the  three  alloys  prior  to  the  simulated  blade  forging  concerns  the  history  of 
the  1  1/2"  diameter  extruded  bar.  Cb  I32M  and  VAM-79  had  been  extruded  at 
34008F  and  3200°F  respectively,  temperatures  high  enough  to  cause  some  re¬ 
crystal  1  izatlon,  Figures  2  and  3.  The  SU-31  had  been  extruded  at  a  lower 
temperature  and  already  Was  heavily  worked,  Figure  4.  It  Is  likely  that  the 
degree  of  recrystal  1 Izatlon  can  also  be  affected  by  the  prior  forging  tempera¬ 
ture,  a  variable  not  examined.  Forging  at  a  temperature  below  2400° F  could 
promote  more  complete  recrystal  1 Izatlon  at  lower  temperatures. 

6.  Thermal  Mechanical  Processing 

The  necessity  for  thermal  treatments  during  and/or  after  forging  to 
restore  favorable  high  temperature  properties  has  been  discussed  previously 
In  this  report  and  elsewhere.  The  various  treatments  Investigated  here 
included:  cold  (1600°F)  working  after  recrystal  1 Izatlon  and  combinations  of 
sol ut Ion-anneal  1 ng  and  aging  treatments.  These  are  summarized  for  each  alloy 
in  Table  IV.  Material  supply  limitations  prevented  all  treatments  from  being  * 

applied  to  each  alloy. 

Microstructures  for  the  three  alloys  In  the  various  conditions  are 
shown,  Figures  11  to  22,  beginning  with  Cb  I32M.  The  as-forged  (24008F)  micro- 
structures,  Figures  11,  15  and  19,  are  similar  for  each  alloy,  being  heavily 
and  uniformly  worked.  The  slightly  more  striated  nature  of  the  forged  SU-31 
and  VAM-79  probably  Is  a  result  of  the  smaller  percentage  of  recrystallized 
grains  In  the  starting  1  1/2"  diameter  bar.  Forging  at  2200°F  rather  than 
2400°F,  in  the  case  of  Cb  I32M  only  (not  shown),  did  not  appreciably  alter 
the  mtcrostructure. 

Solution  annealing  treatments  were  performed  on  material  forged  at 
2400°F.  These  were  conducted  In  a  tantalum  element  resistance  heated  vacuum 
furnace.  Cooling  was  by  radiation,  without  the  use  of  an  inert  gas  quenching 
medium.  The  Intent  of  these  treatments  was  to  provide  a  small  grained  re¬ 
crystal  I  Ized  structure,  a  larger  grained  recrystal  1 1zed  structure,  and  with 
the  3&00°F  treatment  a  large  recrystal  1 Ized  grain  size  with  a  Widmanstatten 
carbide  structure  precipitated  on  cooling.  Unfortunately  these  objectives 
were  not  fully  realized  for  all  alloys.  Little  difference  in  grain  size  exists 
between  the  Cb  1 32M  treated  at  30008F  and  that  annealed  at  3200°F,  Figure  12. 

In  the  case  of  VAM-79,  Figure  16,  there  Is  an  increase  in  grain  size  at  the 

3200°F  annealing  temperature,  but  this  is  accompanied  by  Widmanstatten  carbide  « 

precipitation.  The  structure  produced  In  SU-31  at  30008F,  Figure  20,  shows 
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TABLE  IV 


THERMAL-HECHAK1CAL  TREATMENTS  FOR  HIGH  STRENGTH  COLUHBIUM  ALLOYS 


V: 


Alloy 


T  r  e  a i  tment 


Cb  132H  VAM-79  SU-31 


forged  (2400°F) 

forged  (2400°F)  +  3600°F/1  hr 

forged  (2400°F)  +  3600° F/l  hr  +  2900°F/1  hr 

forged  {2400°F)  +  3600°F/1  hr  +  2200°F/4  hr* 

forged  (2400° F)  +  3200° F/1  hr 

forged  (2400°F)  +  3200°F/I  hr  +  2200°F/4  hrs 

forged  (2400°F)  +  3000°F/1  hr 

forged  (2400°F)  +  3000°F/I  hr  +  2200°F/4  hrs 

2950° F/2  hrs  +  forged  (1600°F) 

2950*F/2  hrs  +  forged  (1600°F)  +  2000°F/4  hrs 
3150°F/2  hrs  +  forged  (1600®F) 

31 50° F/2  hrs  +  forged  (1600°F)  +  2000#F/4  hrs 


X* 

X 

X 

X 

X 

X 

X 

X 

X 

X 


X  X 
X 


X 

X 

X 

X 

X 

X 

X 


X 

X 

X 

X 


X 

X 


forged  (2200° F)  x 

forged  (22008 F)  +  3600° F/l  hr  x 

forged  (2200°F)  +  3600°F/I  hr  +  2900#F/1  hr  X 


i 


* 

"X"  indicates  treatment  performed. 
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very  little  recrystal  I tzat Ion  whereas  that  formed  at  3200°F  resembles  Cb  1 32M 

and  VAM-79  treated  at  3000°F.  The  ease  of  recrystal  1 Izat ion  can  most  likely 

be  attributed  to  the  carbide, level ,  which  is  visually  lowest  In  VAM-79  and 

greatest  tn  SU-31,  and  Its  solutlonlng  behavior  In  the  alloys.  In  addition 

to  these  conditions,  other  samples  were  aged  at  2200°F  for  four  hours  after 

the  high  temperature  treatment,  Figures  13,  17,  and  21.  Aside  from  slightly 

more  carbide  precipitation,  especially  In  SU-31,  there  does  not  appear  to  be 

a  significant  mlcrostructural  change  brought  about  by  aging  4  hours  at  2200°F.  r 

The  various  stages  of  the  recrystal  1 Izlng-cold  working-aging  treat¬ 
ment  are  shown  In  Figures  14,  18,  and  22,  There  are  slight  differences  in 
recrystal  1 Ized  grain  size  between  Cb  I32M  and  VAM-79*  Furthermore,  SU-31  has 
a  lower  degree  of  recrystal  1 1zatlon  despite  the  higher  temperature  of  treat¬ 
ment  (31 50®F  vs  2950°F).  The  cold  working  procedure  appears  to  have  a 
similar  effect  In  each  case,  that  of  slightly  elongating  the  grains.  Aging 
at  2000°F  slightly  Increased  the  population  of  carbide  precipitate.  However, 

It  is  difficult  to  determine  the  nattire  of  these  particles  at  optical  magnl- 
,'i  cations. 

The  temperatures  for  cold  working  (1600°F)  and  subsequently  aging 
(2000°F)  were  based  on  recommendations  of  Imperial  Metal  Industries  (IMI) 
personnel  through  Kaweckl-Ber^lco(7)  and  TRW  experience  In  forging  columblum 
base  alloys.  However,  they  should  not  be  considered  as  ideal  for  all  alloys 
studied.  In  view  of  the  excellent  forgeability  of  all  alloys  at  1600°F,  it 
is  possible  that  a  lower  temperature  should  be  considered  for  cold  working, 
and  for  all  forging.  Provided  that  metal  flow  Is  adequate  and  die  wear 
tolerable,  lower  forging  temperatures  would  have  the  advantage  of  causing 
less  workpiece  oxidation. 

The  various  columblum  alloy  microstructures  studied  here  are 
significant  as  they  relate  to  properties,  especially  strength  and  creep  re-  * 

slstance.  These  mechanical  properties  and  their  relation  to  mlciostructures 
are  presented  and  discussed  In  the  following  sections.  Frequent  reference 
is  made  to  the  photomicrographs. 

7.  Mechanical  Properties 

The  mechanical  property  tests  performed  tn  this  portion  of  the 
study  included  tensile  testing  at  1200°F  and  creep-rupture  testing  at  2200°F. 

Room  temperature  tensile  tests  were  also  performed  for  certain  promising 
thermal -mechanical  treatments.  The  1200°F  test  was  intended  to  evaluate 
each  alloy  under  temperature  conditions  similar  to  those  experienced  by  the 
root  or  attachment  portion  of  a  turbine  blade.  The  elevated  temperature  creep 
testing  should  be  representative  of  airfoil  operating  conditions.  A  plate  type 
tensile  specimen,  shown  In  Figure  23,  was  used  for  both  tensile  and  creep 
testing.  This  configuration  permitted  the  testing  of  material  flat  forged  to 
airfoil  thickness. 

a.  Tensile  Testing 

All  I200°F  tensile  testing  was  performed  In  a  resistance 
heated  vacuum  chamber  fitted  to  an  Instron  testing  machine.  A  vacuum  of  10“5 
torr  or  less  was  maintained  during  the  1200*F  tests.  Crosshead  speed  was 
0.020  Inches  per  minute.  Test  conditions  were  the  same  for  room  temperature 
tensile  tests  except  for  the  omission  of  the  vacuum  chamber.  The  1200*F  tensile 

r 


12 


\ 


properties  are  given,  Table  V,  and  summarized  In  graph  form  for  each  alloy, 
Figure  24,  25,  and  26.  (The  recorded  ultimate  strength  and  0.2%  offset  yield 
strength  of  VAM-79  In  the  as-forged  condition  are  Identical.  It  Is  thought 
that  this  Is  due  to  an  accidental  pre-stralnlng  of  the  specimen  while  heating 
to  I200°F.  It  Is  expected  that  the  yield  strength  should  be  at  approximately 
this  level  while  the  true  ultimate  strength  Is  somewhat  higher.) 

For  all  alloys  the  best  strength  and  ductility  combinations 
were  obtained  for  the  following  two  conditions:  as  forged  (2400°F);  and 
recrystal llzed  and  cold  worked  (I600°F).  Brittle  fracture  behavior  was  ex¬ 
hibited  by  these  alloys  when  annealed  at  3600°F,  as  indicated  In  Table  V. 

The  considerable  elongations  reported  for  certain  of  these  specimens  Is 
uniform  throughout  the  gage  length,  the  necking  phenomenon  not  being  observed. 
Although  all  fractures  observed  In  SU-31  were  of  a  ductile  nature,  It  is 
possible  that  annealing  at  3600°F  would  have  resulted  in  embrittlement  as  was 
the  case  with  Cb  I32M  and  VAM-79. 

In  addition  to  the  brittle  behavior  exhibited  by  certain 
conditions,  the  relatively  low  yield  strength  of  all  alloys  after  an  annealing 
treatment  represents  a  serious  deficiency.  Discontinuous  yielding  was  ob¬ 
served  In  all  alloys  when  In  annealed  conditions  (3000°F,  3200°F,  or  3600°F). 
Similar  behavior  was  observed  In  those  samples  which  had  been  recrystallized 
and  cold  worked.  Aging  at  2200°F  or  2000°F  had  the  effect  of  removing  or 
diminishing  this  condition.  This  yielding  phenomena  Is  probably  due  to  the 
dislocation  pinning  action  of  carbon  atoms,  taken  into  interstitial  solution 
during  annealing.  VAM-79,  containing  the  lowest  carbon  content  of  the  three 
alloys,  displayed  the  smallest  effect. 

■ 

Low  temperature  aging  had  the  effect  of  generally  reducing 
the  tensile  yield  and  ultimate  strengths  while  slightly  Improving  ductility, 
y  The  low  carbon  alloy,  VAM-79  showed  the  smallest  change  in  properties  upon 

aging.  SU-31  annealed  at  3200°F  was  an  exception,  exhibiting  an  Improvement 
in  strength  upon  aging  at  2200°F. 

Considering  all  conditions  tested  the  alloy  Cb  132M  exhibited 
the  best  1200°F  tensile  properties.  The  as-forged  and  the  recrystal llzed 
and  cold  worked  samples  had  the  highest  strength  with  adequate  ductility. 
Strength  levels  for  the  various  annealed  conditions  were  also  superior  to 
the  other  alloys  given  Identical  treatments. 

Room  temperature  tensile  tests  were  conducted  on  samples 
treated  for  high  I200°F  yield  strength  (cold  working  at  I600*F)  and  highest 
2200°F  creep  rupture  strength  (3600°F  annealed,  see  the  following  section). 
These  data  presented  in  Table  VI,  clearly  show  the  brittle  behavior  of 
columbium  base  alloys  at  room  temperature.  Both  Cb  1 32M  and  VAM-79,  annealed 
at  3600,F  prior  to  testing,  fractured  at  a  very  low  stress  before  a  yield 
point  was  reached.  Only  the  Cb-W-Hf-C  alloys,  VAM-79  and  SU-31  In  the  cold 
worked  condition  displayed  strength  levels  comparable  with  their  1200°F  prop¬ 
erties.  However,  the  low  ductility  and  brittle  fracture  behavior  of  these 
specimens  Is  undesirable. 
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TABLE  V 


1200°F  TENS  HE  PROPERTIES  OF  THERHAL-MECHAN I CALLY  TREATED  COLUMBIUM  ALLOYS4- 


Heat  No. 

Forging 

Temp. 

(°F) 

Anneal Ing 
Temp.  £  Time 
(°F/Hrs . ) 

Aging 

Temp.  &  Time 
(°F/Hrs.) 

U.T.S.  0.2%  Y.S. 
(KSI)  (KSI) 

Elong 

(%) 

A.  Cb  I32M 

M-493 

2400 

- 

- 

131.3 

115.6 

14.9 

M-493 

2400 

- 

m 

127.2 

107.2 

15.1 

M-497 

2400 

3000/1 

- 

102.4 

66.4 

29.2 

M-497 

2400 

3000/1 

2200/4 

89.6 

55.2 

25.8 

M-497 

2400 

3200/1 

- 

103.9 

66.9 

26.5 

M-497 

2400 

3200/1 

2200/4 

87.6 

54.2 

29.0 

m-493 

2400 

3600/1 

- 

83.0 

57.8 

11.8 

M-497 

2400 

3600/1 

- 

100.5 

65.5 

7.9 

M-493 

2400 

3600/1 

2900/1 

84.5 

54.9 

7.7 

M-497 

2400 

3600/1 

2200/4 

93.7 

65.4 

18.7 

M-493 

2200 

- 

- 

131.6 

117.1 

15.2 

M-493 

2200 

3600/1 

- 

73.8 

56.9 

3.9 

M-493 

2200 

3600/1 

2900/1 

85.1 

55.3 

11.1 

M-493 

1600* 

- 

- 

116.3 

98.3 

16.1 

m-493 

1600* 

- 

2000/4 

100.4 

87.9 

22.5 

B.  VAM  79 

96B 

2400 

- 

- 

86.7** 

86.7** 

22.9 

96A 

2400 

3000/1 

- 

82.0 

49.4 

24.7 

96a 

2400 

3000/1 

2200/4 

76.0 

46.5 

25.6 

96a 

2400 

3200/1 

- 

73-0 

43.7 

5.9 

96A 

2400 

3200/1 

2200/4 

74.4 

45.7 

22.7 

96A 

2400 

3600/1 

- 

76.7 

47.2 

20.5 

96A 

2400 

3600/1 

2200/4 

75.0 

44.8 

25.9 

96B 

1600* 

m 

- 

99.0 

87.8 

15.6 

96A 

1600* 

- 

2000/4 

94.5 

84.7 

24.2 

C.  SU  31 

2400 

m 

- 

96.5 

82.5 

21 .6 

2400 

3000/1 

-  • 

81.3 

52.6 

26.9 

2400 

3000/1 

2200/4 

64.9 

43.9 

24.7 

2400 

3200/1 

- 

66.5 

41.0 

26.6 

2400 

3200/1 

2200/4 

76.3 

44.3 

23.1 

1600* 

- 

- 

100.7 

90.7 

10.2 

1600* 

m 

2000/4 

92.0 

81.0 

23.7 

Brittle  behavior 

*  Cold  worked  20%  at  I600°F  after  partial  forging  at  2400°F  and  recrystal  1 1 
zatlon  at  2950°F  for  2  hours  (Cb  1 32H  and  VAH  79)  or  3150°F  for  2  hours 
(SU  31). 

Specimen  accidentally  pre-stralned,  ultimate  strength  and  yield  strength 
Identical . 

+  Tested  In  vacuum  of  10"5  torr.;  cross-head  speed  of  0.020  In. /min. 
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TABLE  VI 


ROOM  TEMPERATURE  TENSILE  PROPERTIES 
OF  THERHAL-MECHANtCALLY  TREATED  COLUMBIUM  ALLOYS 

I 


Forging  Annealing 


Al  loy 

Heat  No. 

Temp.. 

m 

Temp.  5  Time 
(°F/Hrs.) 

U.T.S. 

(KSI) 

0.2%  Y.S. 
(KSI) 

Elong. 

(%) 

Cb  I32M 

493-1 

2400 

3600/1 

28.3 

ftft 

0  b 

Cb  132M 

493-1 

1600* 

- 

82.1 

Aft 

1.5  b 

VAM-79 

VAM  96A 

2400 

3600/1 

24.9 

Aft 

0  b 

VAM-79 

VAM  96A 

1600* 

- 

135.3 

123.7 

0.9  b 

SU-31 

17A 

1600* 

- 

134.1 

127.2 

3.9  b 

Brittle  Behavior 

Cold  worked  20%  at  1600#F  after  partial  forging  at  2400^  and 
recrystall Izatlon  at  2950°F  for  2  hours  (Cb  132M  and  VAM-79 
or  3I50°F  for  2  hours  (SU-31). 

it 

0.2%  offset  yield  strength  not  reached. 

Tested  In  air;  cross-head  speed  of  0.020  in. /min. 


b. 


Creep  Testing 


Creep  testing  was  performed  at  2200° F  in  a  vacuum  environment 
of  10“5  torr  ortiess  using  a  tantalum  element. cold  wail  furnace.  The  results 
of  this  testing  are  shown,  Table  VII.  The  creep-rupture  data  are  summarized 
In  Figures  27,  28,  and  29.  As  In  the  case  of  tensile  properties,  Cb  I 32M  was 
superior  In  creep  properties  under  the  testing  conditions.  Annealing  treat¬ 
ments  generally  Improved  creep  rupture  lives  of  all  alloys  over  the  as-forged 
(2400° F)  condition  while  aging  after  the  anneal  tended  to  shorten  life.  Con¬ 
trary  to  the  behavior  of  the  other  alloys,  the  recrystal  1 izat ion  and  cold 
working  treatment  provided  the  best  creep  properties  in  SU-31. 

The  minimum  second  stage  creep  rates  are  also  shown  in  Table  VII. 
Rates  of  less  than  0.1%/hour  were  obtainable  only  In  Cb  132M  and  VAM-79  when 
annealed  at  3200°F  or  3600°F.  A  2200°F  aging  treatment  after  the  anneal 
tended  to  increase  creep  rates.  The  lowest  creep  rate  for  SU-31  was  obtained 
for  material  in  the  recrystal l l zed  and  cold  worked  condition. 

8.  Discussion 


Superior  tensile  properties  were  obtained  for  all  alloys  when  In 
worked  conditions,  either  the  cold  working  treatment  or  forged  at  2400PF  which 
appears  to  be  a  warm  working  temperature.  Loss  of  what  Is  presumed  to  be  a 
favorable  dislocation  network  through  recovery  or  recrystal  I Izatlon  at  anneal¬ 
ing  temperatures  above  3000°F  resulted  In  a  pronounced  decrease  tn  yield 
strength.  Aging  at  2200°F  generally  resulted  In  a  slight  additional  strength 
reduction.  This  Is  probably  due  to  the  precipl tatlon  during  aging  of  carbon 
previously  taken  into  solution  during  annealing.  The  discontinuous  yielding 
behavior  observed  In  annealed  material  Is  further  evidence  for  this  view. 
Micrographs  comparing  the  annealed  with  the  annealed  and  aged  conditions. 

Figures  12,  13,  16,  17,  20,  and  21,  show  only  slight  differences  primarily  in 
Cb  132M  annealed  at  3600°F  where  additional  carbide  precipitation  is  detected. 
Room  temperature  microhardness  data  generally  correlate  with  the  observed  lower 
strengths  after  aging. 

In  contrast  to  the  Intermediate  temperature  tensile  properties, 
acceptable  creep  behavior  In  Cb  132M  and  VAM-79  required  an  annealing  treatment, 
the  longest  rupture  lives  being  obtained  after  a  3600°F  exposure.  This  treat¬ 
ment  produced  a  fully  recrystallized  structure  with  significant  grain  growth 
compared  to  lower  temperature  anneals.  The  Widmanstatten  type  carbides  were 
probably  precipitated  upon  cooling  from  the  recrystal  1 1zatlon  temperature. 

In  most  instances  a  2200°F  aging  treatment  reduced  the  rupture  life.  Since 
the  aging  temperature  Is  the  same  as  the  test  temperature,  It  appears  that  a 
stress  influenced  precipitation  of  residual  carbon  during  testing  is  responsible 
for  the  Improved  properties  in  unaged  samples.  This  carbon  is  not  available 
for  precipitation  during  the  test  In  pre-aged  material. 

The  alloy  SU-31  exhibited  somewhat  lower  properties  In  the  anneJed 
condition  than  the  other  compositions  under  investigation.  Examination  of 
the  appropriate  microstructures,  Figures  20  and  21,  indicate  that  full  recrys- 
tall Izatlon  was  not  obtained.  (The  recrystal  1 1zatlon  behavior  of  these  alloys 
was  reported  in  a  previous  section.)  However,  the  difference  In  creep  behavior 
of  aged  material  from  that  which  was  only  annealed  Indicates  that  some  carbon 
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TABLE  VII 


2200°F,  30,000  PS  I  CREEP-RUPTURE  PROPERTIES 
OF  THERMAL-HECHANICALLV  TREATED  COLUHBIUH-BASE  ALLOYS 


Approx . 

Forging  Annealing  Aging  Min.  Creep  Time  to  Rupture  Total 


Heat 

No. 

Temp. 

(°F) 

Temp.  6  Time 
(°F/Hrs.) 

Temp.  &  Time  Rate 

(°F/Hrs.)  (%/Hr. ) 

Third  Stage 
Creep(Hrs.) 

Life 

(Hrs.) 

Elong 

(*) 

A^_ 

Cb  132M 

M-493 

2400 

- 

- 

.71 

5 

10.2 

30.8 

M-497 

2400 

3000/1 

m 

.18 

15 

27.8 

20.2 

M-497 

2400 

3000/1 

2200/4 

.20 

15 

25.3 

20.2 

M-497 

2400 

3200/1 

- 

.094 

40 

61.3 

19.1 

M-497 

2400 

3200/1 

2200/4 

.18 

15 

28.4 

21.1 

M-493 

2400 

3600/1 

- 

.0337 

>135.8 

135.8** 

14.0 

M-497 

2400 

3600/1 

- 

.043 

53 

62.6 

6.5 

M-497 

2400 

3600/1 

2200/4 

.037 

75 

88.3 

5.7 

M-493 

2200 

- 

- 

.83 

4 

8.9 

40.1 

M-493 

2200 

3600/1 

w 

.0226 

>124.9 

124.9 

3.1 

M-493 

1600* 

m 

- 

.67 

6 

7.6 

9.6 

K-493 

1600* 

- 

2000/4 

.48 

15 

19.7 

14.1 

VAM-79 

96B 

2400 

mm 

- 

.26 

15 

23.0 

25.2 

96A 

2400 

3000/1 

- 

.28 

13 

17-9 

26.3 

96A 

2400 

3000/1 

2200/4 

.27 

8 

13.8 

25.3 

96A 

2400 

3200/1 

- 

.08 

30 

40.0 

21.7 

96A 

2400 

3200/1 

2200/4 

.18 

14 

20.1+ 

22.5 

96A 

2400 

3600/1 

m 

.05 

35 

48.7 

13.8 

96A 

2400 

3600/1 

2200/4 

.19 

11 

16.8 

14.8 

96B 

1600* 

- 

- 

.46 

12 

16.4 

25.7 

96A 

1600* 

- 

2000/4 

.32 

21 

24.3 

23.3 

c. 

SU-31 

2400 

- 

- 

3.06 

2 

3.3 

29.2 

2400 

3000/1 

- 

.30 

15 

20.4 

26.4 

2400 

3000/1 

2200/4 

.53 

4 

10.7 

28.5 

2400 

3200/1 

- 

.26 

15 

22.4 

29.5 

2400 

3200/1 

2200/4 

.43 

5 

11.0 

27.3 

1600* 

- 

- 

.13 

40 

54.1 

17.9 

1600* 

- 

2000/4 

.12 

27 

46.0 

19.7 

Cold  worked  20%  at  1600°F  after  partial  forging  at  2400°F  and  recrystal  1 1 zat Ion  at 
2950°F  for  2  hours  (Cb  132M  and  VAM-79)  or  3150°F  for  2  hours  (SU-31). 

,jk 

Specimen  unloaded 


+Power  Failure  -  specimen  under  load  at  room  temperature  for  18  hours  prior  to  reloading. 

£• 

Tested  in  vacuum  of  10“->  torr. 
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was  taken  into  solution  at  all  annealing  temperatures,  a  situation  analogous 
to  that  discussed  above.  ,The  best  creep  properties  in  this  alloy  were  obtained 
In  recrystallized  and  cold  worked  material.  The  fact  that  these  properties 
were  significantly  better  than  those  obtained  for  Cb  I 32M  and  VAM-79  in  a 
similar  condition  is  possibly  a  reflection  of  the  higher  temperature  required 
to  produce  recrystallization.  Additional  carbon  would  then  be  available  for 
precipitation  to  stabilize  the  cold  worked  structure  at  the  creep  testlnq 
temperature.  M 


Property  data  obtained  o.i  forged  and  annealed  (3600°F)  Cb  I32M 
indicate  a  significant  effect  resulting  from  small  variations  In  chemistry. 
Irfhile  carbon  levels  in  the  two  heats  are  sl;llar  an  increase  in  the  zirconium 
content  from  .1*  in  heat  M-493  to  1.9*  -n  heat  M-497  has  resulted  in  an  Im¬ 
provement  in  1200  F  tensile  strength  and  a  significant  decrease  In  2200#F 
creep  rupture  life.  While  it  is  likely  that  changes  in  the  carbide  phase 
stability  at  annealing  and  testing  temperatures  are  caused  by  this  composi¬ 
tional  variation,  It  Is  not  apparent  how  the  resulting  changes  In  carbide 
type  affect  properties. 

The  data  obtained  on  VAM-79  may  be  compared  with  that  obtained  by 
other  Investigators.  Begley,  et  al,W  have  published  2200°F  creep-rupture 
data  for  VAM-79  annealed  at  3632’F  for  two  hours  after  swaging  which  Indicate 

A ^nn^r5  tha"  obta,ned  »"  study  for  a  similar  condition. 

22  1 T* , of  hours  was  obuintd  at  37,000  psi  compared  to  48.7  hours 

at  30,000  psi  In  the  present  investigation.  Since  compositional  differences 
do  not  appear  to  be  significant  It  must  he  assumed  that  either  cooling  rate 
variations  or  the  different  working  history  are  responsible.  Furnace  radia¬ 
tion  cooling  was  employed  In  this  study  while  the  previous  Investigators  used 
a  helium  quench  after  the  3600° F. anneal  I ng  treatment. 

i/JS,7o1!§![kfnN  !tucHes  have  also  been  performed  by  swaging  on  recrys- 
at  472*FM^nd9t  •|1UnJortJnat«,y.  the  experimental  conditions  (deformation 

with  !  5  *  I  II**!*!1"9  at  400  F)  do  not  Perralt  a  direct  comparison 

with  this  study.  A  20*  deformation  after  recrystal  I Izat Ion  at  3092°F  was 

found  to  increase  the  tensile  yield  strength  from  49,400  psi  to  117,200  osi 

?fioi»Fr^n*nt  P5'*  th,S  5tudy*  20*  deformation  by  forging  at 

f°?jF  !fter  t  2950  F  recrystal I  Izat  I  on  resulted  in  a  smaller  Increase  in 
yield  strength  over  samples  recrystallized  at  3000^  for  1  hour.  Presumably, 
the  ower  cold  working  temperature  and  possibly  the  higher  (by  1 50*F)  recrys¬ 
tallization  temperature  used  in  the  referenced  work  accounted  for  the  hiqher 
strength  of  the  swaged  material.. 

In  consideration  of  Its  superior  tensile  properties  In  worked 
conditions  and  greater  creep  resistance  when  annealed,  Cb  132  was  selected 

f0rji*t  fel"  study  as  a  core  a,,oy.  The  various  thermal -mechanically  treated 
cond  tlons  tested  are  thought  to  be  representative  of  that  which  could  be 
applied  to  turbine  blade  processing.  Other  working  methods  such  as  rolling 
or  swaging  and  rapid  quenching  of  parts  would  be  difficult  to  apply  In  prac¬ 
tice.  Alt  ough  the  ^  workability  of  Cb  I32M  Is  slightly  poorer  than 
the  other  two  alloys,  It  has  been  demonstrated  to  be  sufficient  for  blade 
fabrication*1 J. 


It  Is  hoped  that  future  studies  of  thermal -mechanical  processing 
will  result  in  greater  improvement  in  properties.  Obviously,  cold  working 
and  recrystal Uzat ion  temperatures  have  not  been  optimized.  However,  the 
results  presented  here  offer  encouragement  for  this  method  of  balancing 
creep  and  tensile  properties  in  forged  parts. 

B.  Oxidation  Resistant  Alloys 

1 .  Background  and  Selection 

A  great  deal  of  experimental  work  has  been  devoted  to  an  under¬ 
standing  of  the  nature  of  the  oxidation  of  columbium  and  columbium-base 
alloys.  In  addition  to  the  formation  of  a  complex  non-protect  I  ye  scale, 
the  rapid  inward  diffusion  of  oxygen  embrittles  the  substrate  columbium 
alloy.  Basic  studies  of  this  problem  and  of  the  effect  of  alloying  on 
oxidation  resistance  have  been  summarized^' .  Consideration  of  the  problem 
suggests  certain  potential  remedies  including:  1)  the  addition  of  elements 
having  a  higher  valence  than  columbium  to  retard  oxygen  transport  through 
the  scale,  2)  introduction  of  elements  of  smaller  Ionic  size  which  may  re¬ 
duce  the  oxide  volume,  3)  the  addition  of  elements  promoting  the  formation 
of  protective  spinel  type  oxides,  and  4)  addition  of  elements  which  retard 
the  inward  movement  of  oxygen  to  the  substrate.  Judicious  additions  of 
alloying  elements  have  resulted  In  a  several-fold  improvement  in  the  oxida¬ 
tion  resistance  of  co'lumbium-base  alloys.  However,  most  of  the  data  avail¬ 
able  on  these  alloys  are  of  limited  usefulness  for  the  purposes  of  this 
program  because  of  varying  test  temperatures  ancf  because  results  are  often 
quoted  as  a  weight  gain  due  to  oxidation,  a  measurement  which  does  not 
relate  directly  to  the  remaining  metal. 

To  be  useful  as  a  barrier  alloy  In  the  type  application  envisioned 
in  this  program,  an  alloy  must  of  course  possess  significant  oxidation  re¬ 
sistance.  Considering  the  appMcation  of  a  0.020"  layer  of  the  barrier  alloy, 
the  limit  of  tolerable  oxidation  within  reasonable  time  is  obviously  small. 

In  order  to  provide  total  protection  to  the  core  alloy,  oxidation  resistance 
must  relate  both  to  a  law  rate  of  metal  loss  through  scaling  as  well  as 
imperviousneso  to  oxygen.  For  most  practical  applications,  non-brlttle  be¬ 
havior  is  nearly  as  important  as  Is  oxidation  resistance.  Resistance  to 
damage  by  foreign  object  Impingement  Is  necessary  from  low  temperatures  to 
2200°F.  Furthermore,  in  view  of  the  probable  method  of  attachment  of  the 
oxidation  resistant  alloy  to  the  core  alloy  (discussed  In  a  later  section), 
the  former  must  possess  significant  fabricabi 1 Ity.  Finally,  the  oxidation 
resistant  alloy  must  be  amenable  to  protective  coatings  and  not  fail  cata¬ 
strophically  should  the  coating  be  damaged. 

In  order  to  evaluate  these  requirements,  certain  tests  were  selected 
for  use.  Oxidation  tests  in  moving  air  at  2200°F  allow  measurement  of  weight 
changes,  depth  of  oxygen  penetration  by  microhardness  survey,  and  the  amount  of 
metal  lost.  Room  and  elevated  temperature  ballistic  impact  tests  using  weighted 
BB's  fired  from  a  calibrated  air  pistol  permitted  an  evaluation  of  resistance 
to  brittle  behavior.  The  ductility  during  fabrication  was  gaged  by  the  ease  of 
working  to  sheet  material  for  impact  testing. 
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In  addition  to  the  requirements  discussed  above,  it  is  mandatory 
that  the  cladding  or  barrier  alloy  be  compatible  with  the  core  alloy.  When 
bonded  to  the  core,  it  must  not  degrade  the  properties  of  the  core  by  means 
of  mechanical  Incompatibility  nor  must  ft  deprive  the  core  of  strength  over 
a  period  of  time  at  high  temperatures.  Diffusion  of  undesirable  elements 
into  the  core  or  the  migration  of  elements  such  as  carbon  outward  to  the 
case  (the  "interstitial  sink"  effect)  must  be  avoided.  This  final  re¬ 
quirement  was  not  directly  evaluated  in  Phase  I  of  the  program.  However, 
it  did  receive  considerable  attention  during  Phase  II. 


Numerous  alloy  compositions  have  been  developed  with  the  Intent  of 
improving  the  oxidation  resistance  of  pure  columbium.  From  this  group,  ten 
significantly  varied  alloys  were  chosen  which  had  the  potential  of  fulfill¬ 
ing  the  requirements  of  a  cladding  or  barrier  alloy  In  columbium  alloy 
turbine  blade  combinations.  The  nominal  compositions  of  these  alloys  are 
given  in  Table  VIII. 


Alloys  I,  2,  and  3  were  chosen  from  a  large  number  of  experimental 
columbium  base  alloys  which  were  expected  to  combine  fabricabi 1 1 ty  with 
oxidation  resistance^ * ' .  Alloys  4  and  5  were  early  commercially  available 
alloys  designed  for  improved  strengthO2).  For  the  purposes  of  this  study, 
their  improved  oxidation  resistance  and  fabricabi 1 1 ty  compared  to  most 
structural  columbium-base  alloys  were  of  special  Interest.  A  hafnium-base 
alloy  (composition  6)  which  was  reported  to  combine  excellent  resistance  to 
oxidation  and  sufficient  formability  to  produce  sheet(*3)  has  also  been  In¬ 
cluded  although  it  may  not  be  compatible  with  the  selected  columblum-base 
core  alloy.  Alloy  No.  7  is  the  initial  base  alloy  of  a  recent  study  con¬ 
ducted  to  develop  a  new  oxidation  resistant  alloyH^).  This  base  was 
modified  slightly  to  form  composition  8  by  the  addition  of  small  amounts 
of  several  elements  Including  rhenium,  the  beneficial  effect  of  which  has 
been  noted  previouslyH5).  Composition  9  was  similar  to  a  cast  alloy  which 
exhibited  excellent  oxidation  resistance  at  2200°F  during  an  AFML  "in-house" 
study.  An  alloy  similar  to  those  studied  under  another  Air  Force  program 
was  Included  as  alloy  10''®).  The  Cb-5W-30Hf  base  was  selected  es  one 
combining  low  oxygen  penetration  and  acceptable  fabrlcabllity.  It  was  then 
modified  for  this  study,  hopefully  to  provide  Improved  oxidation  resistance. 


2.  Materials 

The  oxidation  resistant  alloy  compositions  were  supplied  by 
Battel le  Memorial  Institute  in  the  form  of  cast  rectangles  measuring  1/2"  x  1" 
x  approximately  3".  Castings  were  prepared  by  arc  melting  and  re-meltlng  each 
composition  by  the  nonconsumable  tungsten  electrode  method  using  reactor  grade 
starting  materials.  After  the  final  homogenization  melt,  metal  was  drop-cast 
Into  a  chilled  copper  mold.  AH  melting  and  casting  operations  were  performed 
in  an  atmosphere  of  helium.  A  1-1/2"  length  of  each  casting  was  utilized  for 
oxidation  testing  while  the  remaining  portion  was  rolled  to  sheet  form  by  the 
vendor.  (In  the  case  of  alloys  4  through  10,  it  was  necessary  to  prepare  two 
castings  In  order  to  provide  sufficient  material  for  both  the  oxidation  tests 
and  the  ballistic  Impact  tests  of  sheet  specimens.) 


f  - 
!T 

t- 


20 


Hfc"  \- 1 


*  v  r  - 


i-  •vV...  L'j 


I  CAL  ANALYSIS  OF  ARC  CAST  ALLOYS  SELECTED  FOR  CLADDING  ALLOY* 


The  chemical  analyses,  shown  in  Table  VIII,  were  taken  from  riser 
material  by  the  vendor.  They  include  an  analysis  for  major  element  content; 
possible  pickup  of  copper,  tungsten,  and  iron;  and  a  check  of  oxyoen ,  hydro¬ 
gen,  and  nitrogen  levels.  Hydrogen  was  under  50  ppm  in  ail  alloys  and 
nitrogen  less  than  30  ppm.  Copper  pickup  was  Insignificant.  The  other 
Impurity  levels  are  shown  in  Table  VIII.  Oxygen  levels  were  generally  low 
except  In  alloys  1  and  2,  each  of  which  contain  a  large  percentage  of  titan¬ 
ium.  The  density  of  each  alloy  is  also  shown  in  Table  VIII.  Although  an 
application  of  only  0,020“  of  an  oxidation  resistant  alloy  to  the  core  would 
minimize  density  effects,  there  are  considerable  variations  of  from  0.189  lbs/in’ 
for  alloy  2  to  0.476  Ibs/in^  for  alloy  6. 

Photomicrographs,  suppl  led  by  Battelle  Memorial  Institute,  of  each 
alloy  in  Che  "as-cast"  condition  are  shown  In  Figures  30  through  34.  (The 
etchant  used  consisted  of  45%  H2O,  30%  HCI,  20%  HNOo,  and  5%  HF).  A  typical 
dendritic  microstructure  is  noted  for  all  alloys.  Although  not  readily  ap¬ 
parent  In  the  micrograph,  there  was  considerable  microporosity  in  alloy  9. 

All  castings  were  radiographed  prior  to  further  processing  and  determined  to 
be  internally  sound. 

3.  Oxidation  Testing 

Oxidation  tests  were  performed  on  samples  cut  from  the  cast  portions 
of  each  alloy.  The  specimens  used  were  1/2  Inch  square  coupons  surface  ground 
on  both  faces  to  a  thickness  of  approximately  0.100".  After  degreasing,  these 
samples  were  exposed  In  a  Marshall  tube  type  furnace  at  2200°F.  The  tempera¬ 
ture  was  maintained  In  the  3-l/2"  long  hot  zone  to  within  ±7°F  as  measured  by 
a  sealed  Chromel-Alumel  thermocouple.  A  filtered  air  flow  of  2  cu.  ft. /hr. 
was  maintained  during  testing.  Grooved  zircon  I  a  fixtures  were  used  to  position 
the  coupons  vertically  such  that  both  faces  were  exposed  to  the  air  flow.  The 
sample  and  holder  were  covered  upon  removal  from  the  furnace  to  prevent  loss  * 

of  spalled  oxide  while  cooling  in  air.  Exposure  times  of  I,  4,  20,  and  64 
hours  were  used  for  all  alloys. 

Photographs  of  the  specimens  after  2200°F  exposure  for  1,  4,  20  and 
64  hours  are  shown  in  Figures  35  through  38.  On  the  basis  of  these  photographs, 
it  would  appear  that  alloys  1,  6  and  9  are  the  least  heavily  oxidized.  However, 
it  is  necessary  to  consider  microstructures  In  order  to  correctly  ascertain 
oxidation  resistance  In  terms  of  oxygen  penetration  and  the  amount  of  metal  con¬ 
verted  to  oxide.  Representative  photomicrographs  of  each  alloy  after  various 
oxidation  exposures  are  shown  In  Figures  39  through  48.  In  most  cases,  the 
formation  of  intragranular  oxide  particles  and  an  accentuation  of  grain  bounda¬ 
ries  Indicates  the  Increasing  depth  of  oxygen  penetration  with  longer  exposure 
times.  In  alloy  6  (hafnium  base)  the  entire  thickness  became  Internally  oxidized 
after  1  hour.  Longer  exposures  increased  the  size  of  these  particles  and  the 
thickness  of  the  oxidized  surface  layer.  The  oxide  did  not  spall  off  of  this 
alloy  to  the  extent  common  with  the  other  nine  columblum  base  alloys. 
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Data  recorded  from  the  test  coupons  Included:  weight  change  as  a 
result  of  oxidation,  amount  of  metal  lost  due  to  surface  oxide  formation,  and 
the  depth  of  oxygen  penetration  into  the  substrate  alloy.  Table  IX  gives 
these  results  and  summarizes  the  photomicrographs.  Because  of  the  loss  of 
small  particles  due  to  spalling,  the  weight  gain  measurements  are  considered 
to  be  of  lesser  value  than  the  other  measurements  presented.  Surface  recession 
data  are  averages  of  several  readings  across  the  thickness  of  each  specimen. 
Depth  of  oxygen  contamination  was  measured  metal lographical ly  and  by  microhard¬ 
ness  traverse  (100  gram  Knoop  Indentor). 

Several  of  the  alloys  tested  resisted  metal  loss  to  a  tolerable  degree 
(less  than  0.020"  In  64  hours).  However,  all  permitted  oxygen  contamination  to 
a  much  greater  depth.  Using  the  twenty  hour  exposure  data,  only  alloys  5,  7, 

8,  9  and  10  appear  to  have  potential.  However,  after  64  hours,  alloy  8  was 
totally  consumed  and  alloys  5  and  7  had  considerable  penetration. 

Other  government  sponsored  research,  current  with  this  phase  of  the 
program,  has  resulted  In  an  Improvement  to  alloy  7'*^.  According  to  Westing- 
house  data,  the  addition  of  3%  aluminum  to  the  base  composition  of  alloy  7 
(Cb- 1 OTi - 1 0W- 1 OTa- 1 .8HF)  reduces  surface  recession  after  64  hours  from  13.0 
mils  to  9.3  mils  with  a  corresponding  reduction  In  oxygen  penetration.  (A 
later  modification  was  introduced  into  Phase  II  studies  of  this  program.) 

4.  Fabrication 

Portions  of  the  cast  material  representing  each  alloy  investigated 
were  used  by  the  supplier  for  attempted  production  of  20  mil  sheet  to  be  used 
for  testing  cf  Impact  resistance.  Aside  from  the  sheet  production,  this  pro¬ 
cedure  provided  Information  relative  to  the  fabrtcabl 1 ity  of  each  alloy.  In 
the  case  of  alloys  4  through  10,  It  was  necessary  to  prepare  two  castings  In 
order  to  provide  sufficient  material  for  rolling.  The  chemical  analyses  of 
the  castings  used  for  fabrication  were  substantially  the  same  as  those  reported 
for  the  oxidation  tested  material,  Table  VIII. 

i 

The  castings  were  prepared  for  rolling  by  surface  conditioning, 
annealing,  and  In  most  cases,  enclosing  in  an  electron  beam  welded  molybdenum 
Jacket.  The  annealing  temperatures  were  determined  individually  and  are  shown 
in  a  compilation  of  pertinent  fabrication  data,  Table  X.  It  was  possible  to 
process  alloys  1  and  3  at  room  temperature.  Attempts  to  roll  alloy  2  under 
similar  conditions  were  unsuccessful.  The  billet  was  then  reconditioned, 
jacketed  In  molybdenum  and  processed  hot.  Special  comment  relating  to  the 
processing  of  certain  alloys  and  the  final  status  of  each  Is  indicated  in 
Table  X.  Photographs  of  the  material  in  the  terminal  condition  are  included, 
Figures  49  to  53-  It  was  possible  to  produce  sheet  of  reasonable  quality  from 
only  four  alloys;  I,  3,  7,  and  10.  Alloys  5  (Cb  7)  and  9  were  essentially 
unworkable,  while  varying  degrees  of  success  were  experienced  with  the  remain¬ 
ing  compositions. 
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FABRICATION  DATA  FOR  OXIDATION  RESISTANT  ALLOYS 
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Typical  microstructures  of  each  alloy  except  5  and  9  are  shown  In 
the  terminal  condition,  Figures  5^  and  55.  Alloy  5  exhibited  an  essentially 
cast  structure,  as  would  be  expected  similar  to  Figure  3^.  It  was  not  pos- 
slble  to  obtain  a  metal lographlc  sample  for  alloy  9.  The  microstructures 
shown  are  typical  of  the  alloy  condition,  showing  varying  degrees  of  defor¬ 
mation  In  the  alloys  which  failed  during  processing  and  a  recrystal llzed 
structure  In  the  annealed  alloys.  A  chemical  analysis  for  Interstitial 
content  and  Iron  pickup  was  performed  on  each  alloy  after  fabrication, 

Table  XI.  The  high  oxygen  levels  In  alloys  1,  2,  and  6  are  reflected  In 
the  microstructures  of  these  alloys.  It  should  be  noted  that  the  Initial 
oxygen  levels  for  these  alloys  were  960  ppm,  915  ppm,  and  860  ppm  respec¬ 
tively.  The  Iron  content  In  alloy  10  Is  also  the  result  of  a  high  concen¬ 
tration  (0.1041)  In  the  starting  material.  Apparently,  contamination  of 
these  alloys  from  the  atmosphere  or  from  processing  equipment  during  care¬ 
fully  controlled  processing  wi1{  not  be  a  severe  problem. 

The  inability  of,  many  of  these  alloys  to  be  fabricated  successfully 
Is  certainly  a  matter  of  concern  when  selecting  compositions  for  Phase  II 
studies.  However,  It  Is  encouraging  to  note  that  two  of  the  alloys  success¬ 
fully  reduced  to  sheet,  7  and  10,  were  two  which  also  showed  superior 
oxidation  and  oxygen  penetration  resistance.  Furthermore,  improved  versions 
of  alloy  7  appear  to  possess  adequate  fabrlcabllltyv'4). 

5.  Ballistic  Impact  Testing 

Ballistic  Impact  testing  was  utilized  to  assess  the  resistance  of 
the  alloy  sheet  to  the  damage  which  might  occur  In  an  engine  if  struck  by 
Ingested  particles.  Stainless  steel  BB's  weighted  with  lead  pellets  were 
used  as  the  Impacting  particle,  the  average  pellet  weight  being  1.178  grams. 

The  helium  powered  air  pistol  apparatus  utilized  Is  shown  In  Figure  56.  The 
gun  was  Instrumented  to  read  helium  fire  pressure  which  was  converted  to 
projectile  velocity  using' a  previously  derived  calibration  curve.  Rectangles 
approximately  1"  x  1-1/4"  were  cut  from  0.020"  sheet  for  test  samples.  Testing 
was  conducted  at  room  temperature  and  2I00°F  on  material  In  the  as-received 
(annealed)  condition  and  also  after  a  20-hour  exposure  In  air  at  2200°F. 
Sufficiently  high  quality  sheet  for  testing  was  available  only  for  alloys  1, 

3,  7,  and  10. 

Because  of  the  small  amount  of  material  available,  It  was  necessary 
to  use  the  same  specimen  for  all  testing  at  successively  higher  Impacting 
energies.  This  procedure  presented  no  special  problem  at  room  temperature 
but  did  necessitate  cooling  and  reheat I ng  the  specimen  after  each  test  at  2I00°F. 
This  was  required  to  examine  and  re-posit  Ion  the  sample.  Each  reheating  was 
accomplished  In  approximately  12  minutes. 

Impact  test  data  are  given  In  Table  XII.  The  tested  samples  and 
appropriate  Impact  energies  are  shown  In  Figure  57.  Attempts  were  also  made 
to  test  material  after  22008F  exposure.  However,  only  alloy  1  was  not  fully 
oxidized  after  the  exposure,  and  It  was  totally  demolished  after  a  single  Im¬ 
pact  at  the  lowest  energy.  The  extremely  brittle  nature  of  this  specimen 
Indicates  that  while  It  was  not  fully  oxidized,  oxygen  penetration  was  complete. 
Testing  of  as-annealed  sheet  Indicated  little  difference  In  Impact  resistance 
for  all  alloys  between  room  temperature  and  2I00°F. 


TABLE  XI 
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CHEMICAL  ANALYSIS  OF  OXIDATION  RESISTANT  ALLOYS 
__ _  AFTER  FABRICATION 


A1  loy 
No, 

ppm  bv  welaht 

1  ron 

Oxygen 

Hydroqen 

N1  troqen 

1 

280 

1240 

<2 

130 

2 

330 

1010 

5 

125 

3 

290 

655 

8 

85 

4 

30 

510 

<2 

100 

5 

- 

- 

- 

- 

6 

120 

1080 

<2 

90 

7 

50 

430 

4 

95 

8 

160 

390 

<2 

120 

9 

- 

- 

- 

m 

10 

1010 

460 

5 

90 

sm 


TABLE  XII 


BALLISTIC  IMPACT  DATA  FOR  OXIDATION  RESISTANT 
COLUMBItfM-BASE  alloys 


Al  loy 
No. 

Test 

Temp. 

(°F) 

Pel  let 

Velocity 

Impact  Energy 

Remarks 

cm/sec. 
(x  105) 

ft/sec. 

ergs 
(x  108) 

ft/lbs. 

1* 

R.T. 

1.29 

425 

0.987 

7.25 

ii 

1.78 

585 

1.875 

13.8 

ii 

2.23 

730 

2.92 

21.5 

slight  cracking 

ii 

2.59 

850 

3.96 

29.1 

cracking 

3* 

ii 

1.29 

425 

0.987 

7.25 

ii 

1.78 

585 

1.875 

13.8 

ii 

2.23 

730 

2.92 

21.5 

si  Ight  cracking 

ii 

2.59 

850 

3.96 

29.1 

ruptured 

7* 

ii 

1.29 

425 

0.987 

7.25 

ii 

1.78 

585 

1.875 

13.8 

cracking 

10* 

ii 

1.29 

425 

0.987 

7.25 

cracking 

ii 

1.78 

585 

1.875 

13.8 

shattered 

1* 

2100 

1.29 

425 

0.987 

7.25 

n 

1.78 

585 

1.875 

13.8 

perforated 

3* 

n 

1.29 

425 

0.987 

7.25 

n 

1.78 

585 

1.875 

13.8 

ii 

2.23 

730 

2.92 

21.5 

ii 

2.59 

850 

3.96 

29.1 

perforated 

7* 

n 

1 .29 

425 

0.987 

7.25 

ii 

1.78 

585 

1.875 

13.8 

cracking 

n 

2.23 

730 

2.92 

21.5 

perforated 

10* 

ii 

1.29 

425 

0.987 

7.25 

ii 

1.78 

585 

1.875 

13.8 

perforated 

1  + 

R.T. 

1.29 

425 

0.987 

7.25 

shattered 

1+ 

2100 

1.29 

425 

0.987 

7.25 

shattered 

A 

Sheet 

tested 

in  the  as- 

annealed  condition. 

+  Sheet 

tested  after  a  20-hour  exposure  In  air  at  2200*F. 
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It  Is  difficult  to  compare  these  Impact  tests  with  data  for  other 
materials.  There  Is  no  firm  indication  of  what  level  of  resistance  Is  re¬ 
quired  for  the  application  In  question  other  than  to  protect  the  core  material. 
None  of  the  alloys  can  be  considered  as  being  completely  brittle  although 
alloys  1  and  3  are  more  resistant  to  Impact  danage  than  7  and  10.  (Unfortunately, 
the  oxidation  resistance  of  alloys  1  and  3  Is  unacceptable.)  It  Is  likely  that 
the  Impact  resistance  of  any  cladding  alloy  sheet  will  be  changed  when  It  Is 
bonded  to  the  relatively  thick  core  alloy.  This  aspect  will  be  discussed  In 
the  Phase  II  section  of  this  report. 

6.  Discussion 

Consideration  of  the  performance  of  the  ten  oxidation  resistant  alloys 
in  the  areas  of  oxidation  resistance,  sheet  fabricabl 1 1 ty,  and  ballistic  impact 
resistance  Indicates  that  only  alloys  7  (Cb-10Tl-10Ta-l0W-1 .8  Hf)  and  10  (Cb-5W- 
30Hf-5TI-3Re)  can  be  considered  for  further  study  in  combination  blades.  While 
these  compositions  are  really  Inadequate  for  the  Intended  use,  It  was  felt  that 
they  would  be  of  sufficient  use  to  adequately  evaluate  the  feasibility  of  the 
combination  blade  concept.  Meanwhile,  these  compositions  have  been  upgraded 
and  other  new  oxidation  resistant  alloys  will  probably  be  developed.  These 
should  be  applicable  to  the  barrier  layer  concept  evaluated  In  this  program. 

C.  Bonding  Study 

1 .  Selection  of  Attachment  Method 

The  fabrication  of  gas  turbine  blades  is  generally  accomplished 
by  precision  casting  or  precision  forging.  Since  methods  for  casting  columbium 
base  alloys  to  the  tolerances  and  Integrity  required  have  not  yet  been  developed, 
multi-step  forging  sequences  must  be  used  for  blade  fabrication.  Considering 
the  production  of  the  composite  blade  contemplated  In  this  program  by  forging, 
two  basic  approaches  may  be  utilized: 

1.  Forge  the  desired  part  from  a  suitable  high  strength  core 
alloy  and  apply  the  oxidation  resistant  alloy  during  the 
final  forging  operation,  or  after  the  completion  of  forging, 
by  some  suitable  method;  or 

2.  Encase  the  high-strength  alloy  forging  blank  In  a  sleeve  of 
the  oxidation- resistant  alloy  and  forge  the  composite  to 
the  desired  configuration. 

A  number  of  reasons  dictate  against  the  second  approach: 

1.  Variability  In  thickness  of  the  outer  material  can  result 
from  unequal  flow  properties  at  the  forging  temperature. 

2.  During  forging,  separation  of  the  two  components  can  occur 
resulting  in  voids  and  forging  laps. 

3.  It  may  prove  to  be  Impossible  to  prevent  oxidation  of  the 
inner  core  alloy  during  forging,  especially  at  voids 
(Item  2  above). 
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4.  Both  the  forging  operations  and  post-forging  heat  treat- 
ments  will  probably  result  in  diffusion  to  an  intolerable 
degree  between  the  high  strength  core  and  the  oxidation 
resistant  alloy. 

Thus,  the  method  of  application  chosen  for  this  program  is  that  of  attaching 
the  two  components  after  final  forging. 

Various  techniques  could  be  used  to  attach  the  oxidation  resistant 
layer  to  the  core  alloy.  Deposition  processes  are  often  used  to  produce 
protective  coatings  on  refractory  alloys.  However,  it  does  not  seem  feasible 
to  deposit  mult  I -component  columbium  alloys  onto  the  core  In  this  manner. 
Particle  methods  such  as  plasma  spraying,  spray-sintering,  or  slurry-sintering 
would  not  be  expected  to  yield  a  sufficiently  dense  layer.  The  method  chosen 
for  this  program  is  diffusion  bonding,  a  technique  which  has  frequently  been 
used  to  join  dissimilar  metals.  This  technique  has  the  additional  advantage 
of  permitting  small  experimental  samples  to  be  easily  produced.  In  Phase  I, 
basic  parameters  for  diffusion  bonding  of  dissimilar  columbium  alloys  were 
exami ned. 


2.  Requirements  for  Diffusion' Bonding 


In  general,  diffusion  bonding  requires  two  processes:  localized 
plastic  flow  resulting  in  intimate  contact  between  the  surfaces  to  be  bonded, 
and  the  formation  of  a  continuous  bond  through  solid  state  diffusion  across 
the  interface.  Important  process  variables  include  pressure,  temperature, 
time,  atmosphere,  and  interface  preparation.  Included  In  the  latter  category 
are  such  items  as  surface  condition  and  the  use  of  intermediate  foils  which 
promote  bonding,  probably  by  the  establishment  of  intimate  contact  between 
the  two  components  at  lower  bonding  pressures.  The  intermediate  foil  can 
also  be  chosen  to  retard  or  promote  diffusion  between  the  two  materials  being 
bonded.  Also,  the  foil  must  not  form  brittle  Intermetal  1 lc  compounds  with 
either  the  core  or  cladding  alloys. 

For  the  system  under  consideration  in  which  two  different  alloys, 
each  having  unique  properties,  are  to  be  Joined  in  intimate  contact,  it  is 
important  to  retard  excessive  interd If fusion  during  bonding.  Specific  effects 
which  could  be  experienced  in  a  composite  part  because  of  diffusion  are: 

1.  The  core  mechanical  properties,  especially  ductility, 
may  be  reduced  to  undesirable  levels. 

2.  The  oxidation  resistant  barrier  alloy  may  become  em¬ 
brittled  and  thus  prone  to  cracking  resulting  in  a  loss 
of  protection  for  the  core. 

3.  The  barrier  alloy  may  suffer  a  progressive  loss  of 
oxidation  resistance. 

Minimization  of  diffuslonal  effects  demands  that  any  high  temperature  thermal 
mechanical  processing  of  the  core  alloy  be  completed  prior  to  bonding  and 
also  chat  careful  attention  be  given  to  the  choice  of  bonding  parameters. 
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Such  bonding  variables  as  'temperature,  pressure,  and  time  should  be  minimized 
In  order  to  reduce  structural  changes  during  processing.  Pressure  can  be 
applied  either  by  direct  mechanical  coupling  or  transmitted  by  a  fluid. 

However,  It  is  necessary  that  force  be  applied  normal  to  the  bonded  surface 
to  prevent  cocking  of  the  specimen  and  partial  bonding.  This  requirement 
becomes  more  Important  as  temperatures  and  pressures  are  lowered  since  If 
the  workpiece  yield  strength  Is  not  exceeded,  It  will  not  flow  to  accommodate 
non-uniform  loading. 

3.  Materials  and  Equipment 

For  the  preliminary  bonding  studies  conducted  in  Phase  I,  1/2" 
square  coupons  of  a  representative  core  alloy  (Cb  132M)  and  an  oxidation  re¬ 
sistant  type  alloy  (Cb-lOTl-lOW- JZr)  were  employed.  The  thicknesses  were 
approximately  0.125"  and  0.050"  respectively.  The  Cb-lOTI-IOW-IZr  sheet 
had  been  produced  by  room  temperature  rolling  and  was  bonded  In  the  as-rolled 
condition.  The  Cb  132M  was  processed  at  2400°F  in  a  manner  described  pre¬ 
viously  In  this  report  to  simulate  blade  forging.  Some  bond  coupons  were  In 
the  as-forged  condition.  However,  since  Cb  132M  will  probably  require  a 
high  temperature  recrystal  1 1 zat Ion-anneal  prior  to  bonding  for  optimum  creep 
rupture  properties,  most  bonding  was  performed  using  samples  previously  heat 
treated  at  3600°F  for  I  hour.  Prior  to  bonding,  the  mating  surfaces  of  both 
components  were  polished  through  3/0  paper,  degreased,  and  chemically  etched 
in  a  solution  consisting  of  65%  HNO3  and  35%  HFU7). 

The  apparatus  used  for  these  studies  Is  shown,  Figure  58.  The 
sample,  positioned  In  a  quartz  tube,  as  shown  In  Figure  59,  was  heated  by 
induction  colls  acting  upon  molybdenum  susceptors.  Temperature  was  monitored 
by  a  Pt/Pt-10%  Rh  thermocouple  in  contact  with  the  columbtum  alloy  specimens 
and  controlled  manually  by  adjusting  the  Induction  phase  controller.  A  vacuum 
of  approximately  5  x  10“5  Torr  was  maintained  throughout  the  processing. 

Bonding  pressure  was  applied  by  means  of  a  compressed  air  pressure  multiplier 
acting  through  steel  and  alumina  rods  to  the  specimen.  Samples  were  brought 
to  bonding  temperature  within  20  minutes  under  vacuum  and  pressure.  These 
conditions  were  maintained  until  the  specimen  had  cooled  to  room  temperature 
following  a  run. 

4.  Bonding  Parameter  Studies 

The  study  of  diffusion  bonding  parameters  for  dissimilar  columblum 
base  alloys  was  undertaken  for  two  reasons:  to  determine  If  diffusion  bonding 
was  a  feasible  means  of  attaching  the  cladding  layer  to  the  core;  and,  secondly 
to  establish  suitable  times,  temperatures,  and  pressures  for  Phase  11  studies. 
Temperatures  between  2000°F  and  2400°F,  times  of  30  minutes  and  1  hour,  and 
pressures  of  1000  psl  and  5000  psl  were  Investigated.  The  use  of  tantalum 
(0.5  mil)  and  vanadium  (I  mil)  foil  as  an  Intermediate  layer  was  also  studied. 

The  results  of  these  bonding  trials  are  summarized,  Table  XIII.  The 
approximate  depth  of  carbon  depletion  In  the  Cb  132M  due  to  bonding  was  deter¬ 
mined  by  microhardness  traverses  (100  gram  Knoop  Indentor)  perpendicular  to 
the  bonded  interface.  Bond  quality  was  considered  to  be  good  If  both  components 
were  Joined  across  the  entire  width  of  the  sample  with  very  few  voids  present 
due  to  Initial  surface  Irregularities. 


TABLE  XIII 

SUMMARY  OF  PHASE  1  BONDING  STUDIES  (Cb  132H  to  Cb-lOTi-IOW-IZr 
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Determined  by  "maturing  depth  of  slgnlflcent  h.rdness  dee rente  b,  100  grem  Knoop  Indentor. 


Initial  trials  were  conducted  In  order  to  determine  whether  diffusion 
bonding  could  be  utilized  to  Join  the  two  components.  The  results,  using 
as-forged  Cb  132M,  Indicated  that  bonds  were  possible  at  2400“F  but  that  expo¬ 
sure  to  this  temperature  resulted  In  severe  carbon  depletion  In  the  core 
(probably  due  to  the  10%  titanium  In  the  sheet  alloy).  Bonds  produced  at  lower 
temperatures  (Numbers  1  and  2)  were  not  joined  across  the  entire  sample.  How¬ 
ever,  It  was  felt  that  this  was  at  least  partially  due  to  an  eccentricity  of 
load  application  In  the  bonder.  Steps  were  subsequently  taken  to  more  care¬ 
fully  align  the  bonding  apparatus. 

As  noted  previously,  a  heat  treated  structure  will  probably  be 
necessary  In  order  to  obtain  sufficient  creep  strength.  Therefore,  all 
additional  bonding  was  conducted  with  annealed  ^36GO°F  for  1  hour)  Cb  I32M. 

A  typical  bond,  Number  5  produced  at  2350°F,  Is  shown  In  Figure  60.  Carbide 
precipitation  Is  evident  In  the  Cb-IOTi-IOW-IZi  adjacent  to  the  bond  line. 

The  loss  of  carbon  In  the  Cb  I32M  Is  verified  b /  the  microhardness  traverse 
also  shown,  Figure  60.  The  use  of  a  0.005"  tantalum  foil  Interlayer,  Number  6, 
Figure  61,  resulted  In  a  slightly  superior  bond  for  the  same  bonding  conditions 
but  did  not  alleviate  the  carbon  depletion  problem,  In  this  case,  carbide 
particles  were  formed  at  the  Ta-Cb  1 32M  bond  line  rather  than  In  the  Cb-IOTI- 
lOW-lZr.  While  good  quality  bonds  could  be  produced  at  2350°F  and  above,  It 
was  evident  that  serious  carbon  depletion  of  the  core  alloy  during  processing 
could  not  be  prevented. 

Samples  prepared  at  2200’F  and  2000°F  resulted  In  significantly 
less  carbon  depletion,  Table  XIII.  By  Insuring  careful  alignment  of  the 
bonding  fixtures  and  using  Intermediate  foils,  It  was  generally  possible  to 
produce  good  bonds.  Bond  Number  14,  In  which  a  vanadium  foil  was  used  to 
promote  contact  and  reduce  carbon  transfer,  Is  Illustrated  In  Figure  62. 

The  portion  of  this  sample  which  was  bonded  (about  3 A)  was  of  good  quality 
and  the  level  of  carbon  depletion  was  reduced  considerably.  An  alloy  con¬ 
sisting  of  95%V-5%Ti  has  been  previously  shown  to  have  no  effect  at  2200  F 
on  the  carbon  content  of  the  columblum  alloy  0-43  when  bonded  to  lt\  ’• 

The  use  of  small  adapter  plates  of  304  stainless  steel  to  accom¬ 
modate  non-uniform  loading  was  Investigated.  These  plates  of  0.090"  thick 
stainless  were  placed  between  the  alumina  dies  and  the  columblum  sandwich. 

At  the  bonding  temperature  and  pressure,  they  were  able  to  flow  plastically 
to  conform  to  the  space  between  the  rigid  dies  and  columblum  sandwich,  thus 
acting  as  a  fluid  medium  to  transmit  pressure.  Bond  Number  1 7 »  produced 
at  2000°F  using  adapter  plates  Is  shown  In  Figure  63.  Bond  quality  was 
excellent  across  the  entire  sample  width  and  carbon  depletion  Is  relatively 
minor. 


5.  Discussion 

The  diffusion  bonding  trials  conducted  In  Phase  I  of  this  program 
have  aided  In  establishing  bonding  parameters  for  further  study.  While 
satisfactory  bonds  could  most  easily  be  obtained  at  temperatures  of  2350  F 
and  above,  the  level  of  carbon  depletion  In  the  core  alloy  Is  probably  In¬ 
tolerable.  Therefore,  lower  bonding  temperatures  are  mandatory.  Tantalum 
and  vanadium  foil  Interlayers  seemed  to  aid  In  bonding  by  promoting  surface 
contact  and  In  the  case  of  vanadium  perhaps  by  reducing  carbon  migration. 
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Samples  prepared  at  2400°F  and  found  to  be  bonded  over  the  entire  specimen 
width  were  generally  deformed  slightly,  the  sample  thickness  gradually  de¬ 
creasing  across  the  sample  from  one  edge  to  the  other.  This  observation 
indicates  that  the  ability  of  the  sample  to  flow  In  order  to  accommodate  • 
eccentric  loading  Is  most  responsible  for  the  high  quality  of  these  bonds. 
The  lack  of  complete  bonding  at  lower  temperatures  Is  probably  due  to  this 
s  Ightly  non-uniform  loading  and  the  Inability  of  the  bond  sample  to  deform 
plastically.  The  use  of  adapter  plates  Is  a  preferred  solution  to  this 
problem,  since  Increased  pressures  and  temperatures  will  cause  sample  de¬ 
formation  and  In  the  case  of  temperature,  excessive  carbon  migration.  For 
the  temperatures  investigated,  the  bonding  times  and  pressures  used  appeared 
to  have  little  effect  on  overall  bond  quality. 

D.  Conclusions  and  Selection  for  Phase  II 

In  consideration  of  the  results  presented  and  discussed  previously  In 
this  section  of  the  report,  the  following  conclusions  are  warranted.  Selec¬ 
tions  of  materials  and  methods  for  Phase  II  studies  are  also  stated. 

1 .  Core  A1 loy 

a.  The  forgeability  of  all  columbium-base  alloys  studied 
studied  (Cb  I32M,  VAM-79,  and  SU- 3 1 )  appears  to  be 
adequate  for  turbine  blade  fabrication. 

b.  The  recrystallization  behavior  of  Cb  132M,  VAM-79, 
and  SU-31  forged  at  2400° F  to  a  70$  thickness  reduc¬ 
tion  was  found  to  vary  significantly.  SU-31  was  more 
resistant  to  recrystal  1 1 zat Ion  than  the  other  two 

a  1 1 oys . 

c.  The  specific  thermal -mechanical  processing  sequence  used 
to  fabricate,  high  strength  columblum  alloys  greatly 
affects  mechanical  properties. 

d.  Annealing  at  3600eF  for  1  hour  resulted  in  the  highest 
2200°F  creep  strength  for  Cb  1 32M  and  VAM-79.  However, 
this  condition  was  brittle  and  low  in  strength  at  1200°F. 

e.  The  highest  I200°F  tensile  strength  for  Cb  132M  and 
VAM-79  was  observed  In  as-forged  material  (2400°F). 

However,  creep  rate  at  2200°F  was  high  for  this  material. 

f.  Recrystallization  after  partial  forging  followed  by  20$ 
deformation  at  I600°F  resulted  in  a  particularly  good 
balance  of  1200°F  tensile  and.  2200°F  creep  strength  in 
SU-31.  Similar  treatment  gave  good  1200°F  tensile 
properties  in  Cb  I 32M  and  VAM-79. 

g.  These  data  showed  that  the  highest  2200°F  creep  strength 
and  1200°F  tensile  strengths  were  obtained  In  Cb  132M. 
Therefore,  this  alloy  was  selected  for  studies  In  Phase  II 
of  this  program. 
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2.  Oxidation  Resistant  Alloy 

a.  Measuring  oxidation  resistance  by  metal-loss  and  oxygen 
penetration,  It  appears  that  experimental  alloys  5,7»9» 
and  10  can  provide  protection  to  a  core  alloy  for  times 
of  at  least  20  hours. 

b.  The  oxidation  resistant  alloys  are  characterized  by  poor 
fabrlcabll I ty ;  two  of  the  more  oxidation  resistant  alloys 
(specifically  5  and  9)  could  not  be  fabricated  to  sheet. 

c.  Ballistic  Impact  tests  at  room  temperature  and  2100°F 
showed  that  Alloys  7  and  10  could  withstand  particle 
Impact  without  shattering.  Performance  was  similar  at 
both  test  temperatures . 

d.  Based  on  oxidation  resistance,  fabrlcabl 1 Ity  and  Impact 
resistance,  Alloys  7  and  10  were  selected  for  Phase  II 
studies.  Alloy  7  was  later  replaced  with  a  modification 
containing  3%  Al  and  5 %  additional  Tl. 

3.  Diffusion  Bonding 

a.  Solid  state  diffusion  (particularly  of  carbon)  and 
specimen  deformation  occur  to  an  intolerable  degree 
when  bonding  Is  conducted  above  2300°F. 

b.  A  vanadium  foil  interlayer  aids  bonding  by  promoting 
Interfaclal  contact  between  the  two  major  components 
and  probably  by  restricting  carbon  diffusion  from  the 
high  strength  core  alloy  to  the  cladding  layer. 

c.  Diffusion  bonds  were  successfully  produced  at  2000° F 
when  using  relatively  ductile  adapter  plates  to 
accommodate  eccentricity  In  loading. 
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B.  Heat  No. 

M-493-1 
Knoop  HN=327 
(100  gm  load) 
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C.  Heat  No. 

H-A97-1 
Knoop  HN=327 
(100  gm  load) 


Figure  2.  Longitudinal  microstructure  of  extruded  Cb  132M 
(4:1  reduction  at  3400°F),  Heat  No.  Indicated. 
Magnification:  100X. 
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B.  Heat  No. 
Vam  96B 


Knoop  HN«=3Q9 
(TOO  gm  load) 


Figure  3.  Longitudinal  microstructure  of  extruded  VAM-79 
(4:1  reduction  at  3200°F),  Heat  No.  Indicated. 
Magnification:  100X. 

38 


y  MWI 


Figure  4 


Longitudinal  mi c restructure  of  extruded  SU  31 
(4:1  reduction  at  2642°F,  stress  relieved  at  2372°F) 
Heat  No.  I7A-  Magnification:  100X. 
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Figure  5.  JT~3D  first  stage  turbine  rotor  blade  forging  sequence 
for  Cb  132M  Alloy.  Note  machining  required  (to  broken 
figuration)  after  operation  I. 
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As-forged  at  2^00°F 
KHN  =  363 


Photomicrographs  showing  the  recrystal lizat ion  behavior  of  forged 
(2A00°F)  Cb  132M.  Recrystai  Hzed  for  1  hour  at  temperature  indicated 
Average  microhardness  (KHN)  shown.  Magnification:  100X. 
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Figure  8. 


6.  3100°F  H.  31 50°F 

KHN  =  282  KHN  «  298 

Photomicrographs  showing  the  recrystal  1 Izat ion  behavior  of  forged 
(2400°F)  VAM-79.  Recrystallized  for  1  hour  at  temperature  indicated. 
Average  microhardness  (KHM)  shown.  Magnification:  100X, 
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E.  3000°F 
KHN  =  266 


F.  3050° F 
KHN  =  296 


G.  3100°F 
KHN  =  260 


H.  3150°F 
KHN  =  2A9 


Figure  9.  Photomicrographs  showing  the  recrystallization  behavior  of  forged 

(2400°F)  SU-31.  Recrystallized  for  1  hour  at  temperature  indicated. 
Average  microhardness  (KHN)  shown.  Magnification:  100X. 
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Figure  10.  Microstructure  of  columbi urn-base  alloys  in  the  recrystallized 
condition  prior  to  cold  working  at  1600°F.  Recrystallization 
temperature  indicated.  Magnification:  10QX. 


Figure  11.  Microstructure  of  Cb  132M  forged  at  2400°F 
Knoop  hardness  No.  =  363. 
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3000° F,  1  hour:  Knoop  hardness  No.  a  343 


3200°F,  1  hour:  Knoop  hardness  No.  =313 


3600°F,  I  hour:  Knoop  hardness  No.  =  338 


Figure  12.  Microstructure  of  forged  and  annealed  Cb  1 32M .  Annealing 
temperature  and  magnification  indicated.  Heat  No.  M-497. 
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C.  B  +  aged  at  2000°F,  4  hours:  Knoop  hardness  No.  =  307 


Microstructure  of  cold  worked  Cb  132M  in  various  stages 
of  processing.  Heat  No.  M-493. 
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Figure  16.  Microstructure  of  forged  and  annealed  VAM-79.  Annealing 

temperature  and  magnification  indicated.  Heat  No.  VAM  96A. 
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3600° F,  I  hour:  Knoop  hardness  No 


Microstructure  of  forged,  annealed,  and  aged  (2200°F  for 
hours)  VAM-79.  Annealing  temperature  and  magni fication 
indicated.  Heat  No.  VAM  96A. 
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2000°F,  4  hours:  Knoop  hardness  No.  =  297 
Heat  No.  VAM  96B 


Microstructure  of  cold  worked  VAM--79  in  various  stages 
of  processing.  Heat  No.  indicated. 
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Figure  19.  Microstructure  of  SU-31  forged  at  2400°F.  Heat  No.  17A. 
Knoop  hardness  No.  =  295 
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Microstructure  of  forged  and  annealed  SU-31 .  Annealing 
temperature  and  magnification  Indicated.  Heat  No.  17A. 
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Figure  21.  Microstructure  of  forged,  annealed,  and  aged  (2200°F  for 
**  hours)  SU-31.  Annealing  temperature  and  magnification 
indicated.  Heat  No.  17A. 
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C.  9  +  aged  at  2000° F,  4  hours:  Knoop  hardness  No.  ■  325 


Microstructure  of  cold  worked  SU-31  in  various 
of  processing.  Heat  No.  17A. 


Thickness  «  0.092 
All  dimensions  In  lnche<5 


Figure  23.  Configuration  of  tensile  and  creep  rupture  specimen 
utilized  to  test  forged  columblum  alloy  plate. 
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Figure  Ik.  Comparison  of  1 200° F  tensile  properties  for  Cb  132M  in  various  thermal 
mechanical  processing  conditions  as  indicated.  Heat  number  given  when 
applicable.  Tested  in  vacuum  of  10~5torr.;  cross  head  speed  of  0.020 
in. /mi n. 
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Figure  25.  Comparison  of  1200°F  tensile  properties  for  VAM-79  In  various  thermal 
mechanical  processing  conditions  as  Indicated.  Tested  in  vacuum  of 
10"5  torr. ;  cross-head  speed  of  0.020  In/mln. 
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Figure  26.  Comparison  of  I200°F  tensiie  properties  for  SU-31  In  various  thermal* 
mechanical  processing  conditions  as  indicated.  Tested  In  vacuum  of 
10” 5  torr.;  cross  head  speed  of  0.020  In. /min. 
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Figure  27.  Comparison  of  2200°F  30,000  psl  creep  rupture  properties  for  Cb  132M 
in  various  thermal -mechanical  processing  conditions  as  indicated. 
Heat  number  given  when  applicable.  Tested  In  vacuum  of  10"5  torr. 
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Figure  31.  Mi crostructures  of  oxidation  resistant  alloys 

in  the  as-cast  condition.  Magnification:  150X. 
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Figure  33.  Hlcrostructurcs  of  oxidation  resistant  alloys 

in  the  as-cast  condition.  Magnification:  T50X 
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Figure  34. 


Microstructures  of  oxidation  resistant  alloys 
In  the  as-cast  condition.  Magnification:  150X. 
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Alloy  5  Alloy  6  Alloy  7  Alloy  8 

Cb-28W-7T1  Hf-25Ta-l.lAl-0.6Cr  Cb-10Ti-10Ta-l0W-1 .8Hf  Cb-10Tl-10Ta-10W- 

1.8Hf-3Mo-2Cr-2Re 


•t 


Alloy  9 

Cb-20Tt-3V-3Cr- 

3Al-3Co-2Fe-lSl- 

3Nl-3Ta-3W 


Alloy  10 
Cb-5W-30Hf-5Tl 
3Re 


Figure  36.  Oxidation  test  coupons  following  k  hours  exposure  to  air  at  2200°F. 


Figure  37.  Oxidation  test  coupons  following  20  hours  exposure  to  atr  at  2200°F 
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Figure  38.  Oxidation  test  coupons  following  64  hours  exposure  to  air  at  2200  F. 
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A.  1  hour 

Figure  40.  Photomicrographs  of  Alloy  2  (Cb~10Al-50Ti )  after  exposure  to 
air  at  2200°F  for  times  indicated.  Magnification:  250X. 
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B.  20  hours 
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Figure  43.  Photomicrographs  of  Alloy  5  (Cb-28W-7Ti)  after  exposure  to 
air  at  2200°F  for  times  indicated.  Magnification:  250X. 


Figure  ¥t.  Photomicrographs  of  Alloy  6  (Hf-25Ta-l.lAl-0.6Cr)  after  exposure  to 
air  at  2200°F  for  times  indicated.  Magnification:  250X. 


Figure  ^5.  Photomicrographs  of  Alloy  7  (Cb-lOTi-IOTa- 10W-1 .8Hf)  after  exposure  to 
air  at  2200°F  for  times  Indicated.  Magnification:  250X. 
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Photomicrographs  of  Alloy  8  (Cb-lOTi-lOTa- iOW-1 .8Hf-3Mo-2Cr-2Re)  after 
exposure  to  air  at  2200°F  for  times  indicated.  Magnification:  250X. 


Figure  49.  Oxidation  resistant  alloys  in  final  state  of  fabrication. 


Figure  50.  Oxidation  resistant  alloys  in  final  state  of  fabrication. 


Figure  51 .  Oxidation  resistant  alloys  In  final  state  of  fabrication 


Figure  52.  Oxidation  resistant  alloys  in  final  state  of  fabrication 
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Alloy  3,  annealed  2200°F 


D.  Alloy  4,  as-fabrf cated 


Microstructures  of  fabricated  oxidation  resistant  alloys 
Magnification:  150X. 
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as-fab ricated 


MI crostructufe  of  fabricated  oxidation  resistant  alloys 
Magnification:  150X. 
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Ballistic  impact  test  specimens  showing  impact  side  of  sample.  .  Impact  energy  (ft-lbs) 
indicated.  Magnification:  IX  before  reproduction. 


B.  Close-up  view  of  diffusion 
bonding  chamber 


A,  View  of  unit  showing  quartz 
chamber,  vacuum  system,  25KW 
power  unit,  and  air  Jack 
(located  beneath  chamber) 


Figure  58.  Experimental  Induction  heated  diffusion  bonding  apparatus. 


S 


93 


QUARTZ 

CHAMBER 


ALUMINA 

lS :  ' 


MOLYBDENUM 

SUSCEPTORS 


Mrw/AB! 

HBBiiiSSS 

mwgguu 


THERMOCOUPLE 


Figure  59.  Diagram  showing  specimen  positioning 
In  diffusion  bonding  chamber. 
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Figure  60. 


Photomicrograph  and  microhardness  traverse  of  Bond  No.  5* 
Cb-IOTl-lOW-lZr  diffusion  bonded  to  annealed  Cb  132M. 
Bonded  at  2350°F  for  1  hour.  Magnifications  500X. 
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Figure  61.  Photomicrograph  and  microhardness  traverse  of  Bond  No.  6. 

Cb-lOTl-lOW-lZr  diffusion  bonded  to  annealed  Cb  1 32M  using 
a  Ta  foil  Interlayer.  Bonded  at  2350°F  for  1  hour. 
Magnification:  500X. 


Hardness  KHN  (100  gram  load) 


Distance  from  Interface  (Mils) 


Figure  62.  Photomicrograph  and  microhardness  traverse  of  Bond  No.  14. 

Cb-lOTI-lOW-lZr  diffusion  bonded  to  annealed  Cb  132M  using 
a  V  foil  Interlayer.  Bonded  at  2200°F  for  30  minutes  at 
5000  psl.  Magnification:  500X. 
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Figure  63.  Photomicrograph  and  microhardness  traverse  of  B°nd  No-  17 
Cb-IOTl-lOW-TZr  diffusion  bonded  to  annealed  Cb  132M. 
Bonded  at  2000°F  for  30  minutes.'  Magnification:  500X. 


SECTION  III 


PHASE  . 1 1  -  COMPATIBILITY  STUDY 


This  section  of  the  report  describes  Investigations  dealing  with  the 
question  of  how  a  columblum  al loy  combination  can  be  expected  to  perform 
In  service.  In  order  to  evaluate  the  compatibility  of  the  components  and 
thus  the  feasibility  of  t;he  concept  from  a  metallurgical  point  of  view, 
certain  tests  should  be  performed  on  diffusion  bonded  coupons.  The  Initial 
consideration  Is  the  ability  to  obtain  a  satisfactory  bond  between  the  core 
and  cladding  alloys  selected  In  Phase  I.  The  bonding  procedure  should  also 
be  compatible  with  blade  processing  and  thermal -mechanical  treatments. 

Areas  of  Interest  In  this  section  of  the  program  required  the  following 
tests  on  bonded  samples:  long  time  exposure  to  evaluate  mlcrostructural 
stability;  oxidation  exposure;  ballistic  Impact;  and  limited  mechanical 
property  Including  tensile  and  creep.  The  results  of  these  tests  and  thel.r 
relation  to  the  question  of  feasibility  of  columblum  al  loy  combination  blades 
are  discussed  In  the  following  sections. 

A.  Mlcrostructural  Stability 

The  two  columblum  alloy  components  In  the  system  being  studied  were 
each  chosen  for  unique  properties,  high  temperature  strength  for  the  core 
alloy  and  oxidation  resistance  for  the  cladding. Since  It  Is  required  that 
these  components  be  In  Intimate  contact  at  high  temperatures,  diffuslonal 
processes  can  rapidly  alter  these  dissimilar  compositions.  It  is  Impera¬ 
tive  that  such  effects  do  not  completely  eliminate  the  favorable  properties 
for  which  these  alloys  were  chosen.  The  cladding  alloy  Is  primarily  a 
solid  solution.  In  this  case  It  is  necessary  to  present  the  diffusion  of 
alloying  elements  such  as  titanium  and  aluminum  Into  the  core  as  this  would 
tend  to  decrease  oxidation  resistance.  The  diffusion  problem  for  the  core 
Is  primarily  restricted  to  the  migration  of  carbon  from  a  strengthening 
columblum-zl rconlum  carbide  dispersion  to  the  cladding  alloy.  Elements 
such  as  titanium  and  hafnium,  present  In  the  cladding  alloy  can  Intensify 
this  problem  due  to  the  Interstitial  sink  effectOO).  It  was  hoped  that 
an  additional  barrier  to  outward  carbon  diffusion  would  be  provided  by  the 
vanadium  foil  used  In  bonding.  Hansen  notes  that  the  solubility  of  carbon 
In  vanadium  Is  probably  less  than  1  wt.  %  at  temperatures  jjp  to  2200°F('O/. 
Although  small  this  could  prove  significant.  By  using  the  bond  techniques 
developed  In  Phase  I  to  produce  small  test  coupons,  these  metallurgical 
effects  were  studied  by  vacuum  exposure  at^OO^F.  Effects  due:  to  oxida¬ 
tion  and  stress  cpuld  thus  be  eliminated  from  the  preliminary  analysis. 
Extensive  carbon  depletion  or  the  formation  of  massive  Intermetal  1 Ic  phases 
which  would  disqualify  a  clad-core  combination  could  be  detected. 

1 .  Materials  and  Procedures 

The  selection  of  alloy  combinations  for  this  and  the  other  sections 
of  Phase  II  have  been  described  In  this  report.  Sufficient  amounts  of  the 
core  alloy*  Cb  I32M,  and  one  of  the  sheet  cladding  alloys  chosen,  Alloy  10, 
remained  from  Phase  I  studies  for  use  In  this  part  of  the  study.  The  chemi¬ 
cal  analyses  are  shown,  Tables  I  and  VIII  respectively.  (Table  XI  contains 
additional  chemistry  data  for  the  sheet  form  of  Alloy  lOi)  Except  where 
noted,  all  Cb  I32M  used  In  Phase  II  was  from  heat  M-493  which  contained  the 
lower  zirconium  level  (1,1%  Zr). 
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A  later  modification  of  the  second  cladding  al loy  chosen  (Alloy  7) 
was  substituted  In  all  Phase  II  studies^*'1.  The  composition  of  this  alloy 
(referred  to  as  "7  modified")  was  provided  by  the  supplier,  Westtnghouse 
Astronuclear  Laboratory:  Cb-15TI-10W-10Ta-2Hf-2.2AI .  The  processing  schedule 
for  this  material  Is  shown  In  Table  XIV.  Two  separate  shipments  of  0.020" 
sheet  were  received,  the  first  being  cut  from  Initial  processing  trials. 

«•  .  •  >  f  f  *  .  '  t 

Specimens  for  elevated  temperature  vacuum  exposure  were  prepared 
by  diffusion  bonding  1/2"  x  1/2"  x  0.1  AO"  forged  and  annealed  (3600° F/l  hour) 
Cb  132M  to  1/2"  x  1/2"  squares  of  0.020"  oxidation  resistant  alloy  sheet. 

Ten  coupons  were  produced,  half  using  Alloy  10  and  half  with  Alloy  7  modified. 
The  bonding  procedures  established  In  Phase  I  of  this  program  were  utilized, 
Including  a  vanadium  foil  Interlayer  and  stainless  steel  adapter  plates.  The 
parameters  were  2000°F,  5000  pst,  and  30  minutes  at  temperature,  with  pressure 
being  applied  throughout  the  entire  cycle.  The  cleaning  and  etching  proceJ 
dures  established  for  Phase  1  were  also  used. 

2.  Test  Results 

The  bonded  samples  were  treated  at  2200°F  for  varying  times  up  to 
64  hours  In  a  vacuum  furnace.  In  order  to  evaluate  the  effects  of  thermal 
exposure  on  the  microstructure  of  these  alloys,  optical  microscopy,  micro¬ 
hardness  measurements,  and  microprobe  techniques  were  employed. 

Photomicrographs  and  plots  of  microhardness  traverses  are  shown  for 
Cb  1 32M  bonded  to  Alloy  7  modified,  Figures  64  through  68,  and  bonded  to 
Alloy  10,  Figures  69  through  73.  Generally  good  bonding  was  obtained  for  both 
combinations  of  Oxidation  resistant  alloy  and'Cb  1 32M .  The  bond  line  between 
the  vanadium  foil  and  Cb  132M  became  Indistinguishable  as  exposure  time  In¬ 
creased.  This  was  also  true  of  the  bond  between  the  vanadium  and  Alloy  7 
modified.  However,  the  Alley  JO-vanadlum  Interface,  although  apparently  well 
bonded,  retained  Its  Identity  for  exposure  times  up  to  64  hours.  This  may  be 
due  to  the  formation  of  a  surface  film  prior  to  or  during  bonding,  as  shown 
In  Figure  69,  which  retards  recrystallization  across  the  interface.  No  such 
persistent  layer  was  formed  by  Alloy  7  modified. 

An  Increasingly  heavy  grain  boundary  precipitation  was  observed  In 
both  cladding  alloys  with  longer  exposure  times.  This  was  accompanied  by 
considerable  Inthagranular  precipitation  adjacent  to  the  bond  line  In  Alloy  10. 
It  Is  likely  that  these  precipitates  are  carbides,  probably  titanium  in  the 
case  of  Alloy  7  modified  and  hafnium  In  Alloy  10.  The  carbides  grow  In  size 
and  appear  to  a  greater  depth  In  the  cladding  alloy  4s  carbon  diffuses  from 
the  Cb  132M.  In  the  case  of  Alloy  10  It  Is  possible  that  some  of  the  visible 
particles  are  oxides  although  this  was  not  definitely  confirmed.  Subsequently 
performed  microprobe  studies  indicated  that  a  considerable  number  of  oxide 
particles  existed  in  Alloy  10  In  the  as-bonded  condition.  These  particles  can 
also  be  seen  in  the  as-fabricated  sheet  material,  Figure  55- 

Microhardness  readings  were  also  taken  corresponding  to  the  micro¬ 
structures  shown  and  are  plotted.  The  curves  generally  Indicate  a  hardness 
Increase  In  the  cladding  alloy  adjacent  to  the  bond  line  and  a  corresponding 
decrease  In  the  Cb  132M.  With  extended  exposures  these  effects  became  more 
pronounced.  It  Is  expected  that  most  of  these  effects  are  accounted  for  by 
the  diffusion  of  carbon  from  the  Cb  I 32M  Into  the  cladding  alloy.  The  vana¬ 
dium  foil  through  which  the  carbon  must  pass  has  a  low  solubility  for  carbon. 
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TABLE  XIV 

. . . * . . 

PROCESSING  SUMMARY  FOR  ALLOY  7  MODIFIED 
.  (Cb-15TI-10W-10Ta-2Hf-2.2Al) 

|.  1st  melt  electrode  prepared  by  nonconsumable  electrode,  d.c.  arc  melting. 

2.  1st  melt  electrode  consumable  electrode  vacuum  a.c.  arc  melted  Into 
2  Inch  diameter  mold. 

3.  Ingot  lathe  conditioned  and  sectioned  Into  1  Inch  thick  x  2  Inch  dla. 
forging  billets. 

4.  Forging  billets  annedled  1  hr.  at  3092°F  and  1  x  10"5  torr. 

5.  Billets  canned  In  evacuated  mild  steel  containers. 

6.  Forged  at  2192°F,  single  blow  of  the  Dynapak,  to  0.4  Inch  thickness. 

7.  Decanned,  surface  ground  to  0.36  Inch  thickness, 

8.  Annealed  1  hr.  at.2l92?F  and  1  x  10"5  torr. 

9.  Rolled  at  1000°F  to  0. 1 8 > 1 nch  thickness  (50%  reduction). 

10.  Annealed  1  hr.  at  2192°F  and  1  x  10“5  torr. 

11.  Rolled  at  1000°F  to  0,04  Inch  thickness. 

12.  Annealed  1  hr.  at  2192°F  and  1  x  10”5  torr. - 

13.  Rolled  to  0.020  Inch  at  700°F,  final  3  passes  at  room  temperature. 

14.  Annealed  1  hr.  at.2192°F  and  1  x  10"5  torr. 
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However,  as  exposure  times  are  Increased  alloying  of  the  vanadium  with 
titanium,  hafnium,  rhenium  and  other  elements  from  the  cladding  layer  can 
occur,  thereby  changing  the  diffusion  kinetics  of  the  foil  layer.  Slight 
hardness  decreases  In  the  Cb  |32M  well  back  from  the  bpnd  line  were  also 
noted,  dropping  from  a  "pre-exposure"  Knoop  hardness  value  of  about  325 
to  approximately  275  after  64  hours  at  2200?F.  It  Is  not  certain  whether 
this  decrease  Is  solely  attributable  to  carbon  diffusion  Into  the  cladding, 
since  overaging  effects  could  also  be  operative. 

■Microprobe  Studies  were  performed  on  all  bonded  and  exposed 
samples  depicted  In  Figures  64  through  73  In  an  effort  to  qualitatively 
determine  Interdlffuslonal  effects,  particularly  for  carbon.  A  Phillips 
Model  AMR/3  operated  at  20  KV  was  employed.  Ratemetered  X-ray  line  pro¬ 
file  analysis  was  used  to  record  the  variation  of  carbon  and  certain 
other  elements  with  exposure  time.  Unfortunately,  changes  In  carbon 
content  could  not  be  detected  across  the  entire  cross-section  of  the 
specimens.  It  was  possible  to  Identify  the  precipitate  particles  In 
Alloy  10  and  the  interfacial  layer  between  Alloy  10  and  the  vanadium 
foil  as  being  rich  in  hafnium.  These  particles  are  especially  evident 
after  64  hcurs  exposure  at  2200°F,  Figure  73.  The  majority  can  probably 
be  assumed  to  be  carbides  rather  than  oxide  since  these  treatments  were 
performed  In  a  vacuum  chamber.  The  microprobe  data  Indicate  that  diffu¬ 
sion  of  major  alloying  elements  from  one  component  into  the  vanadium 
foil  layer  and  vice  versa  is  substantial.  However,  with  the  exception 
of  grain  boundaries  where  diffusion  Is  expected  to  be  much  faster,  con¬ 
centration  of  substitutional  elements1  In  either  the  core  or  the  cladding 
alloy  Is  not  significantly  altered  to  a  distance  of  greater  than  3  to  4 
mils  from  the  respective  interface  with  vanadium  after  64  hours  at  2200°F. 
Since  the  microhardness  varies  to  a  greater  depth  It  Is  assumed  that  the 
observed  hardness  decrease  In  the  Cb  132M  and  Increase  in  the  cladding 
alloy  is  due  exclusively  to  carbon  transfer.  The  somewhat  smaller  hard¬ 
ness  drop  in  the  Cb  132M  associated  with  Alloy  7  modified,  together  with 
the  absence  of  a  hard  Interfaclal  layer. at  the  bond  line  (compare  Fig¬ 
ures  68  and  73)  favors  the  selection  of  Alloy  7  modified  over  Alloy  10  as 
a  cladding  al loy. 

B.  Oxidation  Testing 

The  supposition  underlying  the  concept  of  a  columbium  alloy  combina¬ 
tion  Is  that  the  outer  cladding  layer  will  act  as  a  barrier  for  a  reason¬ 
able  period  preventing  oxygen  penetration  to  the  rapidly  consumed  core. 

In  order  to  test  the  ability  of  the  cladding  to  so  function,  bonded 
coupons  were  prepared,  coated  for  high  temperature  oxidation  protection, 
Intentionally  damaged  as  if  by  particle  Impact,  and  exposed  In  air  at  2200°F. 

1.  Materials  and  Procedures 


Test  coupons  for  oxidation  testing  were  prepared  by  diffusion 
bonding  in  the  manner  and  using  the  materials  described  in  the  previous 
section  on  mlcrostructural  stability.  After  bonding,  the  samples  were  pro¬ 
vided  with  a  high  temperature  protective  coating.  The  TRW  developed  Cr  Ti- 
Sl  coating  which  is  applied  In  a  two  stage  vacuum  pack  was  used!2?.  The 
coating  procedure  was  as  follows:  sandblast,  chemically  clean,  and  degrease 
the  surface;  apply  Cr-Ti  layer  by  exposing  at  2300°F  for  8  hours  In  a  vacuum 
pack  (10'"2mm  Hg)  consisting  of  60%  Cr  and  40%  Ti  to  which  KF  was  added  as 
an  activator;  apply  SI  layer  and  2100°F  for  4  hours  under  a  similar  vacuum 
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pack  containing  100%  Si  and  KF  activator.  After  coating,  each  specimen  was 
intentionally  damaged  on  the  cladding  alloy  surface.  A  small  conical  grind¬ 
ing  stone  mounted  In  a  drill  press  was  used  for  this  purpose.  The  Intent 
of  this  procedure  was  to  expose  the  underlying  oxidation  resistant  alloy. 
This  was  easily  accomplished  although  it  was  not  possible  to  precisely  con¬ 
trol  the  amount  of  metal  removed.  The  samples  were  then  exposed  at  2200°F 
to  a  normal  atmosphere  for  times  from  1  to  64  hours. 

2.  Test  Results 


Photographs  of  the  damaged  and  oxidized  test  samples  are  shown 
Figure  74,  for  exposure  times  of  1^4,20  and  64  hours*  The  areas  of  damage 
are  indicated.  Even  after  64  hours  at  2200°F  visible  surface  damage  is 
confined  to  the  circular  damaged  spot.  Oxidation  of  the  cladding  alloy 
radially  from  this  area  has  not  occurred  to  an  extent  which  would  cause 
the  coating  to  spall .  A  portion  of  the  Alloy  7  modified  cladding  delam¬ 
inated  during  bonding.  This  can  be  clearly  seen  in  the  1  hour  and  4  hour 
samples.  It  is  felt  that  this  condition,  though  undetected  Initially, 
existed  in  the  as- rolled  sheet  and  was  merely  aggravated  by  the  bonding. 

This  appears  to  be  an  isolated  problem  present  only  in  the  small  Initial 
shipment  of  the  alloy.  The  second  and  larger  shipment  was  free  of  this 
defect. 

Each  sample  was  cut  tc  obtain  a  cross-section  of  the  oxidized 
region.  Low  power  photomicrographs  of  these  samples  are  shown,  Figures 
75  through  78.  The  areas  shown  are  as  close  as  possible  to  the  center  of 
the  damaged  portion  of  the:  .  *ting.  Indentations  from  Knoop  mtcrohardness 
measurements  are  visible.  A  defect,  parallel  to  the  bond  line  Is  present 
in  Alloy  7  modified,  Figure  75A.  This  Is  of  the  type  which  caused  delami¬ 
nation  of  certain  specimens  upon  removal  from  the  bonding  apparatus.  It 
is  felt  that  the  defective  material  did  not  significantly  affect  the  results 
of  this  study. 

Although  precipitation  generally  Increased  In  the  cladding  alloy 
and  in  the  Cb  132M  as  exposure  times  were  increased,  the  difficulty  in 
obtaining  a  uniformly  etched  condition  in  these  composite  specimens  re¬ 
duces  the  effectiveness  of  metallography.  Consequently,  Knoop  microhardness 
traverses  were  performed  on  all  samples,  perpendicular  to  the  bonded  Inter¬ 
face  and  at  approximately  the  mid-point  of  the  damaged  circle.  These 
hardness  data  are  shown,  Figures  79  to  85.  The  curves  reflect  several 
changes  occurring  in  the  specimen  upon  exposure,  including  carbon  and  sub¬ 
stitutional  element  diffusion  from  one  component  to  the  other  as  well  as 
oxygen  penetration  from  the  exposed  surface.  However,  by  recalling  the 
microhardness  traverses  obtained  for  the  study  of  microstructural  stability, 
Figures  64  to  73,  and  discounting  this  effect  a  reasonable  approximation  to 
the  degree  of  oxygen  contamination  can  be  obtained.  A  considerable  hardness 
increase,  probably  associated  with  oxygen  contamination,  Is  evident  at  the 
exposed  edge  of  the  cladding  alloy  (left  side  of  the  graphs).  As. exposure 
times  were  increased  the  hardness  near  the  center  of  the  cladding  layer  also 
Increased,  slightly.  In  the  case  of  Alloy  10  the  hardness  adjacent  to  the 
bonded  Interface  also  Increased  and  the  thickness  of  the  cladding  layer  de¬ 
creased  significantly  as  the  metal  was  converted  to  oxide.  A  slight  hardness 
increase  In  the  core  alloy  Is  also  noted.  This  effect  is  superimposed  upon 
the  hardness  decrease  caused  by  carbon  depletion. 


An  electron,  microprobe  analysis  using  the  point  counting  technique 
was  also  attempted  In  order  to  establish  the  oxygen  concentration  profile  In 
these  samples.  Unfortunately,  the  relatively  low  level  of  oxygen  throughout 
motS t  of  the  specimen  and  the  small  gradients  expected  made  a  quantitative 
Interpretation  of  the  data  Impossible.  ■  However,  general  trends  were  observed 
In  some  samples  which  tended  to  corroborate  the  microhardness  data,  .  Thus,  It 
is  assumed  that  for  the  levels  of  contamination  encountered  here,  mlcrohard- 
ness  data  seem  to  be  a  more  sensitive  measurement. 

Based  on  these  test  results,  Alloy  7  modified  Is  preferred  as  an 
oxidation  reslstaht  barrier  alloy.  Although  both  alloys  tested  appeared  to 
permit  some  oxygen  to  penetrate  to  the  core  during  extended  exposure  to  an 
oxidising  environment,  Alloy  7  modified  has  several  advantages.  Foremost, 

Is  the  much  smaller  depth  of  metal  loss  due  to  conversion  to  oxtde.  The 
test  results  Indicate  that  exposures  longer  than  64  hours  will  probably  re¬ 
sult  In  catastrophic  core  oxidation  if  the  protective  layer  Is  Alloy  10. 
However,  Alloy  7  modified  will  presumably  maintain  tts  metallic  Identity 
without  spalling  for  much  longer  exposures,  Furthermore,  Alloy  10  has  the 
disadvantage  of  forming  a  hard  and  potentially  brittle  layer  adjacent  to  the 
bond  which  could  result  In  separation  upon  Impact.  This  condition  appears 
to  worsen  with  exposure  to  oxidizing  atmospheres. 

C.  Ballistic  Impact  Testing 

It  Is  assumed  that  the  primary  need  for  an  oxidation  resistant  cladding 
alloy  Is  to  act  as  an  oxygep  barrier  for  the  high  strength  core  In  the  event 
that  the  outer  high  temperature  coating  Is  damaged.  Thus  far  damage  has  been 
artificially  Inflloted  by  grinding.  In  practice,  the  source  of  coating  fail¬ 
ure  Is  most  likely  to  be  Impact  by  some  Ingested  particle.  For  this  reason 
It  Is  Important  that  the  cladding  have  good  Impact  resistance  and  also  that 
embrittling  layers  not  be  formed  during  bonding  and  exposure. 

1 .  Materials  and  Procedures 

fc! 

Ballistic  Impact  test  coupons  were  prepared  by  diffusion  bonding 
and  coating  In  the  manner  described  In  the  previous  two  sections  of  this  re¬ 
port.  The  materials  utilized;  Cb  132M,  Alloy  10,  and  Alloy  7  modified  have 
also  been  discussed  and  characterized.  Since  ballistic  Impact  tests  had  not 
previously  been  run  on  the  modified  version  of  Alloy  7,  this  alloy  was  also 
tested  In  the  unbonded  condition.  Testing  was  performed  as  described  pre¬ 
viously  In  Section  II  of  this  report  using  a  helium  powered  air  pistol  to 
fire  weighted  steel  BB's.  Testing  In  this  case  was  performed  at  room  temper¬ 
ature  and  20Q0°F, 

2,  Test  Results 


Photographs  of  Alloy  7  modified  0.020"  sheet  coupons,  Impact 
tested  at  room  temperature  and  2000°F  are  shown,  Figure  86.  The  Impact  en¬ 
ergies  corresponding  to  each  depression  are  indicated.  Test  data  are  sum¬ 
marized  in  Table  XV.  Comparing  these  results  with  Figure  57  and  Table  XII, 
which  present  the  previous  ballistic  Impact  data,  It  appears  that  the  modi¬ 
fied  version  of  Alloy  7  Is  slightly  less  subject  to  brittle  behavior  upon 
Impact  than  either  Alloy  10  or  7.  It  compares  favorably  with  Alloys  1  and  3, 
the  more  Impact  resistant  compositions  of  those  previously  tested.  It  Is 


TABLE  XV 


BALLISTIC  IMPACT  DATA  FOR  ALLOY  7  MODIFIED 
AND  COLUHBIUM  ALLOY  COMBINATIONS 


Specimen 

Test 

Temp. 

(°F) 

Pellet  Velocity 

cm/sec. 

(x  101*)  ft/sec. 

Impact  Energy 

ergs 

(x  I08)  ft/lbs. 

Remarks 

A! loy  7  mod. 

R.T.' 

1.29 

425 

0.987 

7.25 

4  m 

ii 

.1.78 

585 

1,875 

13.8 

si Ight  crack  on 

A 

II 

ii 

2.23 

730 

^  2.92 

21.5 

reverse  side 

11 

II 

ii 

(t 

2.59 

850 

'  3.96 

29.1 

11 

II 

2000 

1.29 

425 

0.987 

7.25 

II 

ii 

1.78 

585 

1.875 

13.8 

II 

ii 

2.23 

730 

2,92 

21.5 

some  cracking 

Cb  I32M-  7  mod. 

R.T. 

1.29 

425 

0.987 

7.25 

crack  In  cladding 

n 

2000 

1.29 

425 

0.987 

7.25 

■ 

ii 

ii 

1.78 

585 

1.875 

13.8 

n 

ii 

2.23 

730 

2.92 

21.5 

ii 

ii 

2,59 

850 

3.96 

29.1 

Cb  132M-10 

R.T. 

1.29 

425 

0.987 

7.25 

crack 

n 

ii 

1.78 

585 

1.875 

13.8 

separated  on  bond 

ii 

2000 

1.29 

425 

0.987 

7.25 

1 1ne 

ii 

n 

1,78 

585 

1.875 

13.8 

ii 

n 

2.23 

730 

2.92 

21.5 
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also  of  Interest  to  compare  these  results  with  those  recently  published  by 
the  alloy  developer .  In  the  referenced  study  brittle  behavior  was 
noted  at  room  temperature  at  comparatively  low  Impact  energies.  The  authors 
speculated  that  this  effect  was  probably  related  to  the  aluminum  content  of 
the  alloy  (approximately  In  this  case).  The  relatively  ductile  room 
temperature  Impact  behavior  observed  on  the  material  tested  In  this  study 
(2.2%  Al )  Indicates  that  aluminum  Is  critical  In  determining  the  low  temper¬ 
ature  Impact  behavior. 

The  ballistic  Impact  tests  performed  on  bonded  and  coated  coupons 
are  summarized  In  Table  XV,  and  Figure  87.  (The  high  temperature  specimens 
Were  sandblasted  prior  to  being  photographed.)  High  temperature  behavior  Is 
probably  acceptable  for  both  combinations  tested.  These  data  compare  favor¬ 
ably  with  s I  mi lar  Impact  data  reported  here  for  unbonded  sheet.  However, 
brittle  behavior  was  observed  at  room  temperature  for  both  alloys.  The 
presence  of  the  brittle  Cb  132M  substrate  apparently  serves  to  Intensify  the 
crack  sensitivity  of  the  cladding  alloy.  In  the  case  of  Alloy  10,  cracking 
extended  completely  through  the  Cb  132M.  Separation  on  the  bond  line  oc¬ 
curred  when  Impacted  a  second  time.  All  Cb  132M  used  for  these  tests  was 
treated  for  highest  creep  strength  (l.e,  3600°F/1  hour).  Tensile  and  creep 
data  reported  here  Indicate  that  this  Is  an  embrittling  condition,  especially 
at  temperatures  up  to  1200°F.  It  should  probably  be  considered  encouraging 
that  brittle  behavior  was  not  encountered  when  tested  at  2000°F.  One  might 
expect  that  other  core  alloy  heat  treatments  providing  better  ductility, 
although'  lower  creep  strength,  would  provide  a  substrate  more  tolerant  of 
ballistic  Impact. 


It  Is  not  possible  to  draw  quantitative  conclusions  from  these 
ballistic  Impact  tests.  However,  It  has  been  shown  that  at  operating  temper¬ 
atures  both  Alloys  7  modified  and  10  will  remain  Intact  and  bonded  to  the 
core  when  subjected  to  Impact  severe  enough  to  damage  the  protective  CrTl-SI 
coating  and  substantial ly  deform  the  specimen.  At  room  temperature  neither 
can  withstand  Impact  damage  when  bonded  to  the  core.  Since  It  Is  propably 
the  annealed  core  material  which  causes  the  extremely  brittle  behavior  at  low 
temperature,  it  Is  possible  that  any  columblum  alloy  combination  treated  for 
high  creep  strength  will  exhibit  poor  room  temperature  ballistic  Impact  re¬ 
sistance. 

D.  Mechanical  Property  Testing 


In  order  to  fully  evaluate  the  feasibility  of  the  concept  of  columblum 
alloy  combinations  for  turbine  blades,  It  Is  necessary  to  consider  the  ef¬ 
fects  of  an  external  cladding  on  the  strength  properties  of  the  core  alloy. 
Tensile  and  creep  strength  can  be  significantly  altered  by  the  effects 
studied  and  discussed  In  the  preceding  sections.  It  Is  likely  that  strength 
loss  will  occur  If  appreciable  carbon  Is  depleted  via  the  Interstitial  sink 
effect.  Embrittlement  can  occur  through  oxygen  contamination  and  the  forma¬ 
tion  of  Intermetal  1 1 cs  at  the  bond  line.  Also,  the  unique  properties  of  the 
cladding  alloy  will  affect  core  alloy  as  In  any  composite  material.  Creep 
testing  at  2200°F  and  Intermediate  temperature  I200°F  tensile  tests  were 
performed  on  clad  and  coated  specimens  in  order  to  simulate  the  situation  In 
an  airfoil  manufactured  as  a  columblum  alloy  combination. 


I .  Materials  and  Procedures 


Coupons  were  prepared  for  mechanical  testing  by  diffusion  bonding 
Alloy  7  modified  {this  alloy  having  been  chosen  as  superior  to  Alloy  10  for 
a  cladding  material)  to  both  large  faces  of  forged  Cb  132M  plates  (approxi¬ 
mately  0.090"  x  5/8"  x  1  3/4").  Two  thermal -mechanical ly  treated  conditions 
were  selected  for  the  Cb  1.32M}  forged  at  2400°F  and  annealed  1  hour  at  3600°F; 
and  partially  forged  at‘2400°F,  recrystallized  at  2950°F  for  2  hours,  and 
forged  20$  at  I600°F.  The  Alloy  7  modified  sheet  material  was  Used  In  the 
as-received  condition  (see  Table  XIV).  Additional  characterization  details 
for  these  materials  were  previously  discussed. 

The  diffusion  bonding  technique  utilized  to  prepare  the  tensile 
specimen  blanks  were  slightly  modified  from  that  used  for  prior  Phase  II  work. 
Parameters  of  2000°F,  5000  ps|,and  30  minutes  were  not  changed.  However, 
the  lafrger  size  of  these  specimens  necessitated  the  use  of  a  larger  bonding 
unit,  Figure  88.  The  work  space  In  this  chamber  Is  a  cylinder  5"  In  diameter 
x  4"  high.  It  Is  resistance  heated  by  molybdenum  windings  giving  a  maximum 
temperature  of  3000°F.  Vacuums  of  up  to  10~5  torr  can  be  maintained  at 
operating  temperatures. 

The  arrangement  of  the  various  components  placed  In  the  bonder  is 
shown,  Figure  89.  The  elements  actually  comprising  the  bonded  coupon  were 
pre-assembled  after  surface  cleaning  and  spot  welded  along  two  sides  for 
ease  of  handling.  As  previously  discussed,  It  was  necessary  to  employ  a 
small  stainless  steel  plate  to  accommodate  nonuniform  loading.  Generally 
an  adapter  Is  not  required  since  the  bonded  material  Itself  yields  suffi¬ 
ciently  to  accomplish  this.  However,  at  the  low  temperatures  and  pressures 
utilized  here  In  order  to  minimize  djffuslonal  effects,  plastic  flow  of  the 
columblum  alloys  was  Insufficient  to  offset  slightly  eccentric  loading. 
Therefore,  changes  In  thickness  of  the  samples,  during  bonding  were  not  ex¬ 
pected  and  were  found  to  be  Insignificant.  A  bonded  coupon  and  stainless 
steel  adapter  plate  are  shown,  Figure  90.  Visual  examination  of  each 
coupon  Indicated  that  the  cladding  alloy  was  uniformly  bonded  over  both 
surfaces.  Also  shown  in  Figure  90  Is  the  oxide  coating  applied  to  the 
stainless  steel  In  order  to  prevent  bonding  between  It  and  the  columblum 
alloy. 

Tensile  type  specimens  were  machined  from  the  bonded  coupons. 

The  specimen  configuration  was  a  slightly  modified  version  of  that  used  for 
Phase  I  testing,  Shown  In  Figure  23.  For  this  case  the  specimen  was  de¬ 
signed  so  that  the  thickness  of  the  Cb  132M  core  was  the  same  as  that 
shown  In  Figure  23,  The  Inclusion  of  two  layers  of  the  cladding  alloy  added 
approximately ’0,035"  to  the  thickness i  However,  they  are  not  considered  to^ 
signif'i'eantlyi-'adtf  to  theioverall  strength;  The’ specimens  were  then  coated  for 
oxidation  protection  using  the  TRW  Cr  TI-SI  coating.  With  the  procedure 
used,  the  specimen  edges  were  not  clad  but  were  protected  by  the  oxidation 
resistant  coating. 
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Considering  the  bonding  and  coating  processes  each  specimen  was 
exposed  to  the  following  vacuum  thermal  cycle  after  the  nominal  thermal- 
mechanical  treatment  of  the  core  alloy  was  completed*  2000I>F  for  1  hour, 

2300°F  for  8  hours*  and  2100°F  for  k  hours.  While  not  specifically  Investi¬ 
gated,  tpls  thermal  cycle  hat  an  effect  similar  to  several  hours  of  aging 
at  220’0dF  a  condition  evaluated  for  several  anheallng  treatments  In  Phase  I. 

Prior  to  tensile  or  creep  testing  half  of  the  specimens  were 
exposed  for  hours  In  air  at  2200“F.  This  treatment  was  Intended  to 
roughly  simulate  a  service  environment  for  combination  columblum  alloy 
blades.  Following  this  exposure  the  samples  were  examined  for  evidence 
of  coating  failure.  The  coating  was  found  to  have  effectively  prevented 
oxidation  of  the  cladding  alloy  and  the  core  alloy  as  well  along  the  unclad 
edges  of  the  specimen. 

2,  Tensile  Tests 

. . . . 

Tensile  tests  were  conducted  on  an  Instron  machine  utilizing  a 
crosshead  speed  of  0.020  Inches/ml nute.  The  specimens  were  tested  at  1200°F 
In  air,  Test  results  are  listed,  Table  XVI,  along  with  comparable  data  for 
the  unbonded  core  alloy  obtained  In  Phase  I  of  this  program.  In  calculating 
the  strength  levels  shown,  any  effect  of  the  cladding  alloy  was  considered 
negligible,  (Recent  test  data  tends  to  substantiate  this  assumption"1*).) 

The  data  reported  In  Table  Xl'l  Indicate  that  the  effect  on  tensile  proper¬ 
ties  caused  by  bonding  and  coating  Is  fairly  small.  Yield  strengths  for 
the  recrystal  11  zed. and  cold  worked  ( 1 600° F)  material  are  comparable  to  that 
for  Cb  132M  alone,  although  ductility  Is  reduced.  Furthermore,  the  pre-test 
exposure  In  air  has  apparently  had  little  offect  on  strength  and,  although 
the  elongation  was  reduced,  ductile  behavior  was  not  prevented.  In  the  case 
of  anhealed  Cb  132M  the  bonding  and  exposure  treatments  appear  to  succes¬ 
sively  degrade  strength.  However,  this  conclusion  Is  not  clear-cut  since  It 
was  necessary  to  use  two  different  heats  of  Cb  132M  which  previously  (Table  V) 
were  shown  to  have  a  range  of  tensile  properties. 

Photographs  of  the  broken  tensile  specimens  and  of  two  representa¬ 
tive  fracture  surfaces  are  shown,  Figures  91  and  92,  respectively.  The  brittle 
behavior  of  the  annealed  specimens  Is  obvious.  The  more  ductile  fractures 
present  In  the  cold  worked  samples  are  accompanied  by  numerous  secondary  cracks. 
However,  the  transgranular  shear-type  fracture  of  the  Cb  132M  core  Is  evident 
In  the  photograph  of  the  fracture  surface,  Figure  92.  It  should  also  be  noted 
that  the  cladding  layer  fractured  with  a  smaller  elongation  than  did  the  core. 
This  effect  should  probably  be  attributed  to  the  formation  of  relatively  brittle 
layers  at  the  bond  line,  since  other  Investigations  have  Indicated  tensile 
elongations  greater  than  100%  at  2200°F  for  the  cladding  alloy"**'.  The  bond 
line  separation  caused  by  necking  of  the  core  alloy  Is  clearly  shown  (arrow) 

In  Figure  92.  Behavior  away  from  the  fracture  and  In  the  annealed  specimens 
Indicates  that  this  separation  occurred  after  the  onset  of  substantial  plastic 
deformation. 

3.  Creep  Tests 

Creep  testing  was  performed  at  2200°F  using  a  Satec  creep- rupture 
machine.  The  results  of  this  testing  are  listed,  Table  XVII,  along  with 
comparative  data  for  the  core  alloy  (Cb  132M)  obtained  In  Phase  I  of  this 
program.  Data  shown  for  the  unbonded  core  alloy  are  from  tests  performed  In 


TABLE  XVI 


)200°F  TENSILE  PROPERTIES  OF  COATED  COLUMBIUM 
ALLOY  COMBINATIONS*  AND  Cb  I32M  _____ 


Spectmen 

U.T.S.+ 
(KSI ) 

0.2%  Y,S.+ 
(KSI) 

Elong. 

(« 

Cb  1 32M :  forged  2400°F  +  3600° F/l  hr, 

(Heat  M-497)^ 

(Heat  M-493)v 

100.5 

83.0 

65.5 

57.8 

7.9^ 

11.8b 

Combination  -  Core  (forged  2400°F  + 
3600°F/1  hr.)  -  Clad  - 
Coated,  (Heat  M-497)a 

83.2 

82.7 

2.8b 

Combination  -  Core  (forged  2400° F  + 
3600°F/1  hr.)  -  Clad  - 
Coated  -  2200 °F  for 

64  hours  In  air,  (Heat  M-493)a 

47.7 

CO 

• 

CM 

Cb  132M:  2950°F/2  hrs.  +  forged 

I600°F  (Heat  M-493)v 

116.3 

98.3 

16.1 

Combination  -  Core  (2950°F/2  hrs.  + 
forged  1600°F)  -  Clad  - 
Coated,  (Heat  M-493)a 

99.3 

95.2 

8.5 

Combination  -  Core  (2950°F/2  hrs.  + 
forged  1600°F)  -  Clad  - 
Coated  -  2200° F  for 

64  hours  In  air.  (Heat  M— 493) a 

102.9 

88.4 

4.5 

Combinations  consist  of  Cb  132M  core  (0,090"  thick)  with  Alloy  7  modified 
sheet  (0,020"  thick)  bonded  to  large  faces  of  plate  specimen. 

Strength  calculations  are  based  on  core  alloy  only.  The  contribution  to 
strength  and  cross-section  of  the  cladding  has  been  disregarded. 

a  Tested  In  air;  cross  head  speed  of  0,020  In. /min. 

k  Brittle  fracture, 

v  Tested  In  air;  cross  head  speed  of  0.020  In. /min. 


TABLE  XV II 


2200® F,  30,000  PSI+  CREEP  RUPTURE  PROPERTIES 
OF  COATED  COLUMBIUM  ALLOY  COMBINATIONS*  AND  Cb  132M 


J  1 

Specimen 

Min.  Creep 
Rate 
(S/Hr. ) 

Approx. 
Time  to 
Third  Stage 
Creep  (Hrs.) 

Rupture 

Life 

(Hrs.) 

Total 

Elong. 

(*) 

Cb  132M:  forged  2400°F  +  3600°F/I  hr. 
(Heat  M-493)v 

.033,7 

>135.8 

>135.8 

14.0 

(Heat  M-497)v 

.049 

53 

62.6 

6.5 

Combination  -  Core  '(forged  2400®F  + 

3600°F/1  hr.)  -  Clad-  Coated. 
(Heat  M-497) i 

.20 

12 

12.3 

N.A. 

Combination  -  Core  (forged  2400° F  + 

3600°F/1  hr.)  -  Clad  -  Coated  - 
2200®F  for  64  hours  in  air. 

(Heat  H-493)1 

.103 

18 

25.9 

2.9 

Cb  132M:  2950°F/2  hrs.  +  forged  1600°F. 

(Heat  M-493)v 

.67 

6 

7.6 

9.6 

Combination  -  Core  (2950°F/2  hrs.  + 

forged  1600°F)  -  Clad  -  Coated. 
(Heat  M-493)a 

Test  fixture  failed 

after  8 

hours 

Combination  -  Core  (2950°F/2  hrs..+ 

forged  1600° F)  -  Clad  -  Coated. - 
2200°F  for  64  hours  in  air, 

(Heat  M-493)a 

.98 

7 

14.5 

38.5 

Strength  calculations  are  based  on  core  alloy  only.  The  contribution  to  strength 
and  cross-section  due  to  the  cladding'  has  been  disregarded. 

Combinations  consist  of  Cb  132M  core  (0.90"  thick)  with  Alloy  7  modified  sheet 
(0.020"  thick)  bonded  to  large  faces  of  plate  specimen. 

a  Tested  in  ai r. 

*  Tested  in  argon  atmosphere. 

v  Tested  in  vacuum  of  10"5  torr. 


a  vacuum  of  10"5  torr;  those  for  the  combinations  forged  at  1 600° F  are  from 
tests  conducted  In  air;  while  those  reported  for  the  annealed  (3600°F/1  hour) 
material  are  from  Inert  gas  (argon)  environment  tests.  It  Is  desirable  to 
test  the  clad  and  coated  combinations  In  air  In  order  to  more  closely  simulate 
an  operating  environment  for  a  turbine  blade.  However*  this  test  condition 
resulted  In  severe  attack  to  the  specimen  grips  and  the  loss  of  one  test.  Test¬ 
ing  tn  an  argon  atmosphere  was  then  chosen  as  a  preferable  alternate  to  vacuum 
testing  since  It  permitted  the  coated  combination  to  be  tested  Intact*  All 
testing  was  performed  under  a  30,000  psl  loading.  As  with  the  tensile  tests 
performed  on  clad  combinations,  the  strength  contribution  due  to  the  cladding 
alloy  was  neglected. 


The  data  reported  In  Table  XVII  Indicate  that  the  clad  and  coated 
combinations  have  significantly  poorer  creep  rupture  strength  than  bare  Cb  1 32M 
In  roughly  the  same  condition.  In  the  case*of  forged  and  annealed  material 
(3600°F  for  1  hour)  the  fupturo  life  and  ductility  as  measured  by  total  elonga¬ 
tion  were  greatly  decreased  by  the  cladding  and  coating  operations.  However, 
the  minimum  creep  rate,  while  Increased,  remained  low  when  compared  to  other 
alloys  and  conditions,  Table  VII.  The  64  hour  air  exposure  at  2200°F  prior  to 
creep  testing  apparently  had  little  effect  on  creep  strength  when  the  Initial 
variations  In  the  two  heats  of  Cb  132M  are  considered.  Prior  to  bonding,  creep 
strength  of  recrystall Ized  (2950flF/2  hours)  and  cold  worked  (20%  at  16O0°F) 

Cb  132M  was  relatively  low  compared  with  other  heat  treated  conditions.  The 
single  test  result  available  for  clad  and  coated  Cb  132M  tn  the  cold  worked 
condition  also  showed  low  creep  strength,  Table  XVII.  Elongation  and  minimum 
creep  rate  were  quite  high,  being  similar  to  unclad  Cb  132M  In  the  high  tem¬ 
perature  (2200°F  and  2400°F)  forged  conditions,  Table  VII. 


Photographs  of  the  broken  tensile  specimens  are  shown,  Figure  93. 

The  fracture  behavior  of  the  3600°F  annealed  creep  specimens  was  similar  to 
that  of  the  1200°F  tensile  test  samples  In  that  very  brittle  fractures  of  an 
intercrystalline  nature  were  observed.  The  exact  appearance  of  the  fracture 
surface  at  the  Instant  of  yielding  has  probably  been  altered  by  oxidation 
during  cool-down  from  the  test  temperature.  A  few  small  pieces  of  these 
specimens  tended  to  break  away  from  the  fracture  surfaces  during  handling. 

This  resulted  In  lower  measured  elongations  than  were  actually  observed  during 
creep.  The  recrystal  1 Ized  and  cold  worked  sample  exhibited  ductile  behavior. 
The  numerous  secondary  cracks  evident  In  the  tensile  test  specimens,  -figure  91, 
were  not  observed  for  the  creep  sample.  Separation,  of  the  bond  between  clad¬ 
ding  and  core  was  not  observed  In  any  of  the  2200°F  creep  test  specimens. 


4.  Metal iographtc  Examination 


The  broken  tensile  specimens  were  examined  metal lographlcal ly  in 
the  region  adjacent  to  the  fracture  surface.  Typical  examples  are  shown  In 
the  unetched  conditlofi,  Figure  94,  and  after  etching,  Figure  95*  Separation  of 
the  cladding  from  the  core  Is  evident  near  the  fracture  surface.  However,  this 
did  not  continue  to  a  great  distance  away  from  the  fracture  and  Is  thought  to 
be  associated  primarily  with  differences  in  the  flow  characteristics  of  the  two 
components.  Transverse  secondary  cracking  Is  also  evident  In  the  unetched 
specimens,  Figure  94.  These  cracks  are  also  seen  In  Figure  91  for  the  re¬ 
crystall  Ized  and  cold  worked  samples.  The  brittle,  Intergranular  nature  of  the 
fracture  In  the  annealed  (3600°F/1  hr.)  material  Is  contrasted  with  a  relatively 
ductile  failure  In  the  rccrystal 1 Ized  and  cold  worked  samples,  Figures  95A  and 
B.  There  was  little  optically  discernible  difference  at  magnifications  to  500X 
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between  the  microstructures  of  the  "as  bonded  and  coated"  samples  and  those 
which  received  a  subsequent  exposure  at  2200°F.  (The  etchant  used  contained 
HF  which  attacks  the  Cr-TWSl  oxidation  resistant  coating.  Thus  the  coating 
can  only  be  seep  In  the  unetched  micros,  Figure  94.) 

Unetched  and  etched  photomicrographs  were  also  prepared  from  the 
tested  creep-rupture  specimens.  Typical  regions  are  shown,  Figures  $6  and  97* 
As  with  1 200t>F  tensile  specimens,  differences  were  not  detected  between  the 
"as  bonded  and  coated"  samples  and  those  which  had  also  received  a  2200°F 
exposure.  Transverse  secondary  cracks  of  an  Intergranular  nature  are  shown 
In  the  3600°F  annealed  sample,  Figure  96A.  This  Is  In  keeping  with  the  brit¬ 
tle,  Intergranular  fractures  noted  at  all  temperatures  for  this  condition. 
Secondary  cracking  was  also  noted  In  the  more  ductile  recrystal  1 1 zed  and  cold 
worked  specimen,  Figure  96B.  It  appears  that  the  crack  shown  occurred  at 
nearly  the  same  time  as  final  rupture  since  oxide  attack  of  the  core  alloy  Is 
minimal.  Numerous  cracks  In  the  coating,  some  of  which  resulted  In  partial 
oxidation  of  the  underlying  cladding,  Indicate  that  coating  ductility  may  also 
be  a  problem.  f 

Considerable  coarsening  of  the  carbide  precipitate  In  the  annealed 
Cb  1 32M  core  occurred  during  creep  testing,  Figure  97A.  (This  specimen  had  a 
creep  life  of  12,3  hours.)  Comparison  of  this  specimen  which  was  not  exposed 
at  2200°F  prior  to  testing  with  the  1200°F  tens! le  specimen  which  did  re¬ 
ceive  a  64  hour  2200°F  exposure,  Figure  95A,  Indicates  that  the  coarsening  Is 
primarily  caused  by  the  combination  of  temperature  and  stress  rather  than 
temperature  alone. 

E.  Phase  II  Conclusions 


In  Phase  I  various  col upiblum  alloys  were  screened  for  usefulness  either 
as  the  load  bearing  core  or  the  protective  cladding  of  a  combination  blade. 
The  core  alloy  Cb  1 32M  and  two  cladding  alloys  Cb-l5Tl-10Ta-IQW-2Hf-3Al  and 
Cb-5W-30Hf-5Tl-3Re  were  selected  for  further  study  of  their  compatibility. 
Using  diffusion  bonding  techniques  developed  here,  combination  specimens  were 
prepared  and  evaluated  In  order  to  appraise  the  feasibility  of  the  concept. 
Conclusions  of  these  studies,  which  comprised  Phase  II  of  the  program  are  as 
f o 1 1 ows : 

I .  Stability  of  Hlcrostructure 

a.  During  bonding  and  subsequent  exposure  at  2200°F  for  times  up 
to  64  hours,  carbon  diffused  from  the  Cb  132M  core  through 
the  vanadium  foil, to  the  cladding  alloy.  Evidence  for  this 
effect  consisted  of  microhardness  traverses  and  the  develop¬ 
ment  of  particles  (Identified  by  microprobe  analysis  to  be 
carbides)  In  the  cladding  alloy  adjacent  to  the  bond.  Certain 
alloying  constituents  of  the  cladding  materials,  particularly 
titanium  and  hafnium  acted  as  Interstitial  sinks  for  carbon. 

b.  A  slight  hardness  drop  occurred  throughout  the  thickness  of 
the  Cb  132M  core  upon  exposure.  This  is  thought  to  be  a  re¬ 
sult  of  both  carbon  depletion  and  overaging. 
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c.  The  substitutional  alloying  elements  In  both  columblum  components 
diffused  slowly  across  the  bonded  Interface,  However,  even  with 
exposures  of  up  to  64  hours  the  composition  of  both  the  cladding 
and  the  core  was  substantially  unaltered  at  distances  In  excess 
of  5  mils  away  from  the  Interface, 

d.  The  vanadium  foil  diffused  Into  both  the  core  and  cladding  during 
exposure.  Certain  elements,  particularly  Tt  and  Re  (and  to  a 
lesser  extent  Hf)  alloyed  with  the  vanadium  foil. 

jl 

e.  Of  the  two  cladding  alloys  tested,  Alloy  7  modified  (Cb-1 5T1 -1 OTa- 
IOW-2Hf-3AI)  Is  preferred  because  of  Its  lesser  effect  as  an 
Interstitial  sink  for  the  carbon  In  the  core  alloy.' 

Oxidation  Testing 

a.  A  relatively  oxidation  resistant  columblum  alloy  cladding  Is 
capable  of  preventing  catastrophic  oxidation  of  a  high  strength 
columblum  alloy  for  times  In  excess  of  64  hours  when  exposed  to 
air.  This  system  will  prevent  rapid  failure  of  a  central  load 
bearing  core  should  the  outer  oxidation  preventing  coating  be 
locally  damaged  in  service. 

b.  Microhardness  and  metal lographlc  studies  Ind’cate  that  there 
was  some  oxygen  penetration  through  the  cladding  to  the  core. 
However  this  was  localized  to  regions  adjacen :  to  the  coating 
damage  and  did  not  result  In  complete  Internal  oxidation. 

c.  Based  especially  on  a  smaller  amount  of  metal  ,oss  upon  expo** 
sure  due  to  conversion  to  oxide,  Alloy  7  modified  (Cb- 1 5TI - 
10A-10W-2Hf-3Al)  Is  preferred  as  a  possible  cladding  alloy  for 
high  strength  columblum  alloys. 

Ballistic  Impact  Testing 

a.  At  room  temperatures  bonded  and  coated  samples  exhibited  poor 
resistance  to  ballistic  Impact  damage,  Cracking  of  the  clad¬ 
ding  alloy  and  particularly  the  substrate  Cb  132M  occurred  at 
the  lowest  impact  energy  tested.  This  Is  probably  due  largely 
to  the  brittle  condition  of  the  Cb  132M.  Bond’ line  sepa~atlon 
occurred  In  the  Cb  1 32H-A1 1 oy  10  sample  which  formed  a  hard 
phase  at  the  bond  Interface. 

b.  Ballistic  Impact  resistance  was  satisfactory  at  2000°F  although 
there  was  some  brlnell Ing  of  the  cladding  alloy  due  to  Its  low 
strength. 

Mechanical  Property  Testing 

a.  Compared  to  bare.Cb  1 32M  tested  In  vacuum,  the  1200°F  tensile 
properties  of  bonded  and  coated  Cb  1 32K-A1 1 oy  7  modified  combi¬ 
nations  were  slightly  degraded. 


The  2200°F  creep  properties  of  bonded  and  coated  Cb  132M  were 
significantly  lowered  from  those  of  bare  Qb  132M. 

Allowing  for  heat-to-heat  variations  there  was  little  effect 
of  a  pre-test  exposure  at  2200*F.  on  either  mechanical  proper¬ 
ties  or  microstructure. 

Significant  separation  during  testing  of  the  cladding  from 
the  core  occurred  only  near  the  fracture  surface  of  the  more 
ductile  samples.  It  was  probably  due  to  the  differing  flow 
characteristics  of  each  component. 
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Figure  64.  Photomicrograph  and  microhardness  traverse  of  Cb  132M 
diffusion  bonded  to  Alloy  7  Modified  shown  as-bonded 
at  2000° F  for  30  minutes.  Magnification:  500X. 
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Figure  65.  Photomicrograph  and  microhardness  traverse  of  Cb  1 32M 
diffusion  bonded  to  Alloy  7  Modified.  Exposed  1  hour 
at  2200°F  after  bonding.  Magnification:  500X. 
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Figure  66.  Photomicrograph  and  microhardness  traverse  of  Cb  132M 
diffusion  bonded  to  Alloy  7  Modified.  Exposed  k  hours 
at  2200°F  after  bonding.  Magnification:  500X. 
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Photomicrograph  and  microhardness  traverse  of  Cb  1 32M 
diffusion  bonded  to  Alloy  7  Modified.  Exposed  64  hours 
at  2200°F  after  bonding.  Magnification:  500X. 
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Photomicrograph  and  microhardness  traverse  of  Cb  132M 
diffusion  bonded  to  Alloy  10.  Exposed  1  hour  at  2200 
after  bonding.  Magnification:  500X. 
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Figure  73.  Photomicrograph  and  microhardness  traverse  of  Cb  I 32M 

diffusion  bonded  to  Alloy  10,  Exposed  hours  at  2200°F 
after  bonding.  Magnification:  500X, 
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Figure  74.  Photographs  showing  oxidation  test  samples.  Cb  I32M  bonded  to  cladding 
alloy  Indicated,  Cr-Tl-SI  coating,  damaged,  and  exposed  at  2200°F  In  air 
for  times  Indicated.  (Arrow  shows  damaged  region.) 
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Photomicrographs  of  bonded  oxidation  test  samples.  Alloy  7  Modified 
diffusion  bonded  to  Cb  132M.  Exposed  for  times  shown  at  2200°F 
after  coating  and  intentional  damage.  Magnification:  100X. 
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Figure  76*  Photomicrographs  of  bonded  oxidation  test  samples.  Alloy  7  Modified 
diffusion  bonded  to  Cb  132M.  Exposed  for  times  shown  at  2200°F 
after  coating  and  intentional  damage.  Magnification:  100X. 
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Figure  77. 


Photomicrographs  of  bonded  oxidation  test  samples.  Alloy  10 
diffusion  bonded  to  Cb  132M.  Exposed  for  times  shown  at  2200°F 
after  coating  and  Intentional  damage.  Magnification:  100X. 
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Figure  78.  Photomicrographs  of  bonded  oxidation  test  samples.  Alloy  10 

diffusion  bonded  to  Cb  132M.  Exposed  for  times  shown  at  2200°F 
after  coating  and  intentional  damage.  Magnification:  100X. 
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gure  79.  Microhardness  traverse  f< 
Alloy  7  Modified  diffusic 
damaged,  and  exposed  1  he 
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bonded  oxidation  test  samp! 
bonded  to  Cb  I32M.  Coated, 
at  2200° F. 
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Figure  80. 


Microhardness  traverse  for  bonded  oxidation  test  sample. 
Alloy  7  Modified  diffusion  bonded  to  Cb  132M.  Coated, 
damaged,  and  exposed  4  hours  at  2200°F. 
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Figure  81 


Microhardness  traverse  for  bonded  oxidation  test  sample. 
Alloy  7  Modified  diffusion  bonded  to  Cb  1 32M.  Coated, 
damaged,  and  exposed  20  hours  at  2200°F. 
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Figure  82.  M  crohardness  traverse  for  bonded  oxidation  test  sample. 

Alloy  7  Modified  diffusion  bonded  to  Cb  I32M.  Coated, 
damaged,  and  exposed  64  hours  at  2200°F. 
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Figure  83.  Mlcrohardnass  traverses  for  bonded  oxidation  test  samples. 

Alloy  10  diffusion  bonded  to  Cb  132M.  Coated,  damaged, 
and  exposed  for  1  and  A  hours  respectively  at  2200°F. 
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85.  Mtcrohardness  traverse  for  bonded  oxidation  test  sample 
Alloy  10  diffusion  bonded  to  Cb  132M.  Coated,  damaged, 
and  exposed  for  64  hours  at  2200°F. 
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Figure  87.  Ballistic  Impact  test  specimens  for  diffusion  bonded  and  coated 
columblum  alloy  combinations.  Cladding  alloy  shown,  substrate: 
Cb  1 32M .  Impact  energy  (ft-lbs)  and  test  temperature  indicated 
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Figure  88.  Resistance  heated  experimental  diffusion  bonding  apparatus. 
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exposed  64  hours 
at  2200° F 


B.  Cb  132M:  recrystall i zed  2950°F/2  hrs 
cold  worked  20%  at  1600°F 


Figure  91.  Fractured  columbium  alloy  combination  tensile  specimens 
tested  at  1200°F.  Condition  of  Cb  1 32M  core  Indicated. 
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Figure  92 
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A.  Brittle  fracture, 
annealed  Cb  132M. 


B.  Ductile  fracture, 
cold  worked  Cb  132M. 
Note  separation  of 
core  and  cladding. 


Fractured  surfaces  of  1200°F  tensile  tested  columbiuir 
alloy  combinations. produced  by  diffusion  bonding. 
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Alloy  7  mod. 


Cb 1 32M 


A.  Cb  1 32M :  Forged  2400°F  +  3600°F/1  hr. 
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Figure  9*». 


B.  Cbl32M:  Recrystallized  2950°F/  2  hrs. 
Forged  1600°F  (20%). 


Unetched  photomicrographs  of  columbium  alloy  combinations 
showing  fracture  area  of  1200°F  tensile  specimens. 

Condition  of  Cb I 32M  core  as  indicated.  Magnification  100X. 
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Alloy  7  mod. 


Cb 1 32M 


A.  Cbl32M:  Forged  2400°F  +  3600°F/lhr. 

Exposed  64  hrs.  at  2200°F  after 
bonding  and  coating. 


Alloy  7  mod. 


Cbl 32M 


B.  Cb 1 32M :  Recrystallized  2950°F/2  hrs. 

Forged  1600°F  (20%) 

Exposed  64  hrs.  at  2200°F  after 
bonding  and  coating. 

Figure  95.  Photomicrographs  of  columbium  alloy  combinations  showing 

fracture  area  and  microstructure  of  1200°F  tensile  specimens. 
Condition  of  Cbl32M  core  as  indicated.  Magnification  100X. 
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A1 loy  7  mod. 


Cb 1 32M 


A.  Cb 1 32M :  Forged  2400°F  +  3600°F/1  hr. 

Exposed  64  hrs.  at  2200°F  after  bonding  and  coating. 
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Alloy  7  mod. 


Cb132M 


B.  Cbl32M:  Recrystal  1 ized  2950°F/2  hrs, 

Forged  1600°F  (20%) 

Exposed  64  hrs.  at  2200°F;  after  bonding  and  coating 

Figure  96.  Unetched  photomicrographs  of  columbium  alloy  combinations  showing 
area  near  fracture  in  2200°F;  30,000  psi  creep  specimens. 
Condition  of  Cbl32M  core  as  indicated.  Magnification:  100X. 
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SECTION  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 


Specific  conclusions  to  the  various  tasks  and  phases  of  this  program 
have  previously  been  given.  These  are  restated  In  view  of  the  overall 
program  goals. 

1.  FabrI cable  oxidation  resistant  columbi urn  base  alloys  developed 
and  tested  In  this  and  concurrent  programs  have  been  demonstrated 
to  be  capable  of  serving  as  a  cladding  layer,  protecting  a  high 
strength  columbium  alloy  from  rapid  oxidation.  In  the  event  of 
local  damage  to  an  oxidation  resistant  service  coating,  the 
cladding  alloy  Is  slowly  oxidized,  providing  at  least  64  hours 

of  protection  at  2200°F,  Undoubtedly  with  further  work,  these 
compositions  can  be  further  upgraded  and  new  systems  developed 
which  can  provide  even  greater  oxidation  protection. 

2.  The  diffusion  bonding  technique  for  joining  the  cladding  layer 
to  the  core  was  successfully  developed  and  employed  for  this 
experimental  program.  This  procedure  was  acceptable  from  a 
metallurgical  standpoint  in  that  It  did  not  In  Itself  cause 
significant  ml crostructural  changes  in  the  alloy  components. 

It  is  felt  that  this  technique  can  be  developed  to  the  point 

of  turbine  blade  manufacture.  Furthermore,  other  methods  exist 
which  show  promise  for  applying  a  complex  alloy  cladding  to  a 
forged  part.  However,  in  the  use  of  any  such  technique,  excessive 
heat  should  not  be  applied  to  avoid  diffusional  effects  and 
ml crostructural  changes. 

3.  The  long  term  stability  of  bonded  clad-core  combinations  appears 
to  be  an  area  of  concern.  Carbon  diffusion  from  a  carbide 
strengthened  Cb  132M  core  to  the  cladding  layer  Is  rapid  at 
temperatures  of  2200°F  and  above.  The  changing  carbon  concentra¬ 
tion  and  carbide  precipitate  morphology  in  the  Cb  1 32M  core  alloy 
results  In  seriously  lowered  2200°F  creep  strength  for  bonded 
samples  compared  to  bare  Cb  132M.  The  substitutional  alloying 
elements  diffuse  much  more  slowly,  resulting  in  little  overall 
compositional  change.  Several  potential  remedies  are  available 
to  provide  mi crostructural  stabiiity  and  reduce  carbon  diffusion. 
These  include:  The  development  of  cladding  alloys  which  do  not 
contain  significant  amounts  of  elements  capable  of  acting  as 
sinks  for  carbon  (e.g.  Ti  and  Hf);  possible  use  of  an  intermediate 
foil  layer  other  than  vanadium  between  the  cladding  and  the  core 
which  would  serve  to  greatly  retard  carbon  diffusion  across  it; 
and  the  development  and:  use  of  core  alloys  strengthened  either 

by  a  more  stable  carbide  phase  than  is  Cb  132M  or  by  some  other 
means  such  as  a  nitride  dispersion. 


b.  The  core  alloys  evaluated  In  this  program  either  fell  short  of 
the  desired  creep  properties  In  the  conditions  tested  or  were 
unable  to  combine  high  temperature  creep  strength  and  Inter¬ 
mediate  temperature  tensile  properties.  Certain  recrysta! 1 l za- 
tion,  cold  working if  and  aging  treatments  showed  promise  of 
achieving  this  balance  but  were  generally  lacking  in  creep 
strength.  A  high  strength  columbtum  base  alloy  and  processing 
sequence  Is  required  Which  will  provide  strength  and  non-brtttle 
behavior  In  all  temperature  ranges.  In  order  to  be  of  use  as  a 
clad  and  coated  forged  turbine  blade,  the  thermal -mechanical 
processing  sequence  utilized  to  develop  these  properties  must 

be  compatible  with  forging,  cladding,  and  coating  procedures. 
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Wrlght-Patterson  AFB,  Ohio  45433 


is.  abstract  A  pr0gram  <jss  |  gnecj  to  evaluate  the  feasibility  of  clad-core  combination 
columblum  alloy  turbine  blades  has  been  completed.  The  concept  was  one  In  which  a  re¬ 
latively  oxidation  resistant  cladding  alloy  was  used  to  prevent  catastrophic  oxidation 
of  a  high  strength  but  easily  oxidized  core  alloy.  As  envisioned,  the  entire  system 
consisted  of.  an  oxidation  resistant  coating,  the  cladding  alloy  acting  as  an  oxygen 
barrier,  and  the  load  bearing  core.  The  program  was  divided  Into  a  screening  of 
potential  core  and  cladding  alloys  (with  a  diffusion  bonding  study)  and  an  evaluation 
of  the  compatibility  of  the  two  components. 

The  high  strength  columblum  alloys  Cbl32M,  VAM-79,  and  SU-31  were  evaluated  as  core 
alloys  using  1200°F  tensile  and  2200°F  creep-rupture  testing.  Several  processing  con¬ 
ditions  and  post-forging  annealing  treatments  were  studied.  The  highest  tensile  and 
fcreep  strengths  were  obtained  In  Cb 132M  when  In  as-forged  and  forged  plus  3600°F 
annealed  conditions  respectively.  The  best  balance  of  tensile  and  creep  properties  was 
obtained  In  SU-31  when  In  a  recrystal llzed  and  cold  worked  condition. 

Nine  columblum  base  alloys  and  one  hafnluir)  alloy  were  evaluated  for  possible  use  as 
a  cladding  alloy  based  on  oxidation  and  ballistic  Impact  resistance  and  fabrlcablllty 
to  sheet.  Generally,  sheet  fabricabillty  and  Impact  resistance  were  Incompatible  wtth 
oxidation  resistance.  Two  alloys  (Cb-15TI-10Ta-l0W-2Hf-3Al  and  Cb-5W-30Hf-5TI-3Re) 
were  selected  for  further  study.  A  diffusion  bonding  technique  was  developed  to  Join 
the  core  and  cladding  alloys.  Bonding  parameters  were  designed  to  minimize  carbon 
diffusion  from  the  high  strength  core  alloy  to  the  cladding. 


A  variety  of  studies  were  performed 
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ABSTRACT  (Continued) 

alloys  with  a  Cb I 32M  core.  During  bonding  and  exposure 
at  2200°F  carbon  diffused  from  the  core  alloy  to  the) 
cladding.  This  was  accompanied  by  a  loss  of  core 
hardness  adjacent  to  the  bond  line  and  the  formation! 
of  hafnium  and/or  titanium  carbides  In  the  cladding 
alloy.  Tests  of  locally  damaged  bond  samples,  coate[d 
with  a  CrTI-SI  service  coating  shewed  that  0.020"  o 
the  cladding  alloys  (especially  Cb- 1 5T 1 — lOTa- 
2Hf-3Al)  were  capable  of  preventing  catastrophic  corja 
alloy  oxidation  at  2200°F  for  tTmes  In  excess  of  64 
hours.  The  bonded  combinations  exhibited  good 
ballistic  Impact  resistance  at  2000°F  although 
bri  ttle  behavior  was  encountered  at-  room  temperature] 
Compared  with  the  unbonded  condition,  the  1200°F 
tensile  properties  of  bonded  Cbl32M  were  slightly 
lowered  whereas  the  220Q°F  creep  strength  was 
significantly  decreased.  A  64  hour  2200°F  exposure 
after  bonding  and  coating  had  little  effect  on  the 
mechanical  properties  tested. 

The  cladding  concept  for  producing  columblum 
alloy  turbine  blades  Is  feasible  Iri  that  diffusion 
bonding  is  an  acceptable  technique  metal lurgl cal ly 
and  as  a  manufacturing  technique.  Also,  a  cladding 
can  offer  oxidation  protection  to  the  core  alloy  In 
the  event  of  coating  damage.  However,  the  creep 
strength  and  mlcrostructural  stability  of  high 
temperature  exposed  clad  Cb I 32M  are  marginal.  It 
Is  felt  that  this  aspect  can  be  Improved  through 
the  use  of  a  core  alloy  having  a  superior  balance 
of  creep  and  tensile  properties. 
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